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Abstract 
Plant roots produce medicinally important secondary metabolites and the quantity of 
such metabolites is enhanced during the symbiotic association of roots with 
mycorrhizal fungi. The role of arbuscular mycorrhizal fungi (AMF) as a plant growth 
enhancer and its influence on secondary metabolites production in medicinal plants 
is well established. The aerial parts and roots of medicinal plants grown in the 
greenhouse and under field conditions show this enhancement of production but no 
similar study has been reported for their roots transformed to the ‘hairy root’ 
phenotype and grown in vitro with mycorrhiza. Transformed hairy roots are 
generally used for studying mycorrhizal ontogenesis, production of axenic cultures 
and mycorrhizal mass production. Functionally, transformed hairy roots in a co-
culture system act as a host for AMF, but the impact of the mycorrhizal colonization 
on their secondary metabolite content has not been reported. Assessment of the 
impact of mycorrhizal colonization on secondary metabolite content of transformed 
hairy roots derived from medicinal plants was the main objective of this thesis. Here, 
rosmarinic acid (RA) was selected as the targeted metabolite because of its high 
antioxidant potential and its known biological actions. Further, Ocimum basilicum 
(Basil) was selected as the plant resource because of its worldwide distribution, high 
RA content, limited reports on hairy roots and an ability to form arbuscular 
mycorrhiza. In addition to co-culture development and mycorrhizal impact studies, 
another important aspect presented in this thesis was to examine whether the 
developed co-cultures could be used as continuous and viable resource of 
xxx 
 
mycorrhizal propagules and rosmarinic acid, for which various green extraction 
methods were screened. 
The research investigated the impact of mycorrhizal colonization on the content of 
rosmarinic acid in the transformed hairy roots of Ocimum basilicum. A rational 
approach of cultivar selection, hairy roots and co-culture development and elicitation 
studies was followed. Rosmarinic acid was found as the major metabolite in the 
collected cultivars and its content varied among the fifteen cultivars studied. One low 
RA producing and two high RA producing cultivars were selected from 
phytochemical screening studies in the novel in vitro system. Through this work it 
was established that roots of O. basilicum were an efficient and alternative source of 
RA. Hairy roots developed from the selected cultivars showed distinct inter-cultivar 
morphological variability and their RA production was found to be age dependent. 
No significant difference in the RA content of the developed hairy root lines was 
found at their optimal RA production age. Three hairy root lines (HR 2, HR 4 and 
HR 5) were selected for co-culture development studies on the basis of high RA 
content, cultivar and morphological variability. Mycorrhizal ontogenesis in 
transformed hairy roots was found to be similar to naturally occurring arbuscular 
mycorrhizae. Co-cultures developed between the selected hairy root lines and 
Rhizophagus irregularis isolate 1 were used for elicitation studies. No effect of 
mycorrhization on root traits such as root length, diameter and biomass was found in 
the current study. Mycorrhization significantly increased the level of RA in the 
colonized hairy root cultures showing its potential as a biotic elicitor. For utilization 
of the developed co-cultures as biological and biochemical factories, various green 
xxxi 
 
extraction methodologies were screened and 10 % methanol, dimethyl sulfoxide and 
low molar ionic liquids with sonication assisted extraction were identified as the 
possible leads for green extraction method development. In addition to elicitation 
studies, an efficient acidic potassium permanganate chemiluminescence assay was 
developed for the qualitative and quantitative assessment of antioxidants in O. 
basilicum extracts. Thus, the current study has made novel and significant 
contributions towards identifying the potential of mycorrhiza as a biotic elicitor of 
rosmarinic acid. The study also proposes the use of the developed co-cultures as a 
continuous and viable resource of biologically and biochemically active products. 
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Chapter 1: Introduction and Literature review 
1.1 General overview 
Plant roots are rich repositories of secondary metabolites that have medicinal 
importance and they are known to form agriculturally important symbiotic 
relationships with arbuscular mycorrhizal fungi (AMF) (Figure 1.1). Pharmacopoeias 
of traditional medicines throughout the world have described the use of numerous 
root extracts that are active against inflammation, cancer, diabetes and 
cardiovascular and stress related diseases. Utilization of root derived medicinally 
important bioactive molecules commonly involves removal of plants from their 
natural habitat, which threatens the conservation of rare but also abundant species.  
Additionally, these naturally derived metabolites are synthesized in low quantity; 
lack of quality standardization and their production is affected by a range of 
environmental factors making them unsuitable for large-scale medicinal use. In vitro 
production of hairy roots is an effective alternative for the production of roots 
derived secondary metabolites.  
Hairy roots used for production of root-specific secondary metabolites are 
transformed, genetically stable and high biomass producing in comparison to whole 
plants. However, low yields of secondary metabolites from hairy root cultures limit 
their utility for large-scale production (Goel et al. 2011). Enhanced production of 
secondary metabolites in hairy root cultures may be brought about by elicitation. 
Various biotic elicitors such as fungal cell wall extracts or bacterial cultures are 
widely used in current hairy root research for enhancement studies (Wang and Wu 
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2013), but potential of mycorrhiza as an elicitor in vitro is not explored. Hairy roots 
are generally utilized for studying mycorrhizal ontogenesis, production of axenic 
cultures and mycorrhizal mass production (Mrosk et al. 2009; Puri and Adholeya 
2013; Ceballos et al. 2013) but, influence of mycorrhizal symbiosis on medicinally 
important active ingredients has not been tested in vitro. There are, however, reports 
on the exploration of AMF for improvement of medicinally important secondary 
metabolites in greenhouse and under field conditions (Zeng et al. 2013; Pedone-
Bonfim et al. 2015). 
 
Figure 1.1. Dual properties of plant roots. Roots are rich source of medicinally 
important compounds and they are well known to form symbiotic relationship with 
arbuscular mycorrhizal fungi (AMF). Secondary metabolites such as rosmarinic acid, 
shikonins, camptothecin, podophyllotoxin and glycyrrhizin having antioxidant, anti-
inflammatory and anticancer like biological properties are obtained from roots. On 
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the other hand, roots also form mutualistic relationship with AMF, which are 
obligate symbionts. They form tree shaped structures called arbuscules in the cortical 
cell of roots followed by intra and extra-radical sporulation. AMF’s are known to 
improve plant growth and productivity, soil property and are also reported to 
improve secondary metabolite production in plants grown in greenhouse or under 
field conditions, but their role as a biotic elicitor in vitro is not explored. 
Among the various medicinally active secondary metabolites, Rosmarinic acid (RA) 
was selected in my study because of its high antioxidant potential. It is a 
pharmaceutically important polyphenol having antioxidant, antibacterial, antiviral, 
antiangiogenic, antifibriotic, chemopreventive and cognitive enhancement like 
biological properties along with potential market value (Khojasteh et al. 2014; Kim 
et al. 2015). RA is found in plants belonging to the families Lamiaceae and 
Boraginaceae. A species belonging to the family Lamiaceae, Ocimum basilicum 
(basil) was the focus of research in this thesis. Herbs such as rosemary, salvia, 
melissa and coleus are extensively studied for RA production both in whole plants 
and in hairy root systems but there are only two published studies on hairy roots 
from O. basilicum.  
O. basilicum has high genetic and biochemical diversity and is an herb widely used 
in the pharmaceutical, cosmetics and food industries. RA is the major polyphenolic 
found in this species (Javanmardi et al. 2002). Impact of mycorrhizal symbiosis on 
RA content of basil roots on plants grown under greenhouse conditions has been 
examined (Toussaint et al. 2007; Toussaint et al. 2008; Scagel and Lee 2012). To the 
best of my knowledge exploration of mycorrhizal symbiosis to elicit secondary 
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metabolite production in vitro in O. basilicum has not been performed. Thus, 
mimicking of mycorrhizal symbiosis with hairy roots in vitro (co-culture 
development) would be of significant value to identify potential of mycorrhiza as an 
“elicitor”. 
Industrial advantage of the developed co-culture would lie in their ability to produce 
medicinally important bioactives and mycorrhiza having agricultural applications. A 
method for effective separation of RA from mycorrhized roots is thus required where 
mycorrhizal and root viability is minimally lost after extraction. For extraction of 
secondary metabolites from the plant matrix, destructive solvent extraction 
methodologies are commonly employed. The solvents used are toxic to both humans 
and the environment and are also not suitable for mycorrhizal viability in the 
colonized in vitro raised co-cultures. Co-culture therefore demands the development 
of “green” extraction methodologies for efficient recovery of secondary metabolites 
with mycorrhizal and root viability maintained. Screening of extraction processes 
such as sonication and temperature with different solvents for green extraction 
method development was also aimed in the present study.  
In addition to elicitation studies, determination of antioxidant potential of various 
extracts was also performed in the current study. Polyphenols including rosmarinic 
acid found in O. basilicum are responsible for its antioxidant activity (Srivastava et 
al. 2014). Thus, a part of my study also focused on determination of antioxidant 
potential, both qualitatively and quantitatively by an online HPLC-coupled acidic 
potassium permanganate chemiluminescence assay. Further, merits of 
chemiluminescence assay for quick determination of total and individual antioxidant 
Chapter 1 
5 
 
potential in whole plants, hairy and mycorrhized root extracts of O. basilicum was 
also studied. 
This chapter begins by detailing the use of root derived metabolites as resource of 
medicinally important compounds then selection of rosmarinic acid as the targeted 
metabolite, followed by analysis of biotechnological approaches used for its 
production and then selection of hairy roots as production platform in this study. I 
have also discussed the application of AMF on various medicinal plants for 
improvement of their secondary metabolite production in greenhouse condition and 
its selection for biotic elicitation studies in vitro. The importance of co-culture 
development for mycorrhizal elicitation studies in in vitro condition and its utility is 
then highlighted. Further, based on this background, the objectives of thesis for the 
co-culture development, elicitation, and green extraction and chemiluminescence 
studies are defined in the last section (1.12) of this chapter. 
1.2 Roots as resource of medicinally important compounds 
“Roots” are the underground organ of plants and they are the dynamic interface 
(Figure 1.2) between the aboveground active, photosynthesizing, metabolizing aerial 
parts of the plant and the underground-buried soil, its components and rhizosphere 
biota (Vivanco et al. 2002). Roots provide shoot anchorage, nutrients; minerals and 
water uptake, they may store nutrients, are respiratory bodies and are partners with 
rhizosphere symbionts and they also respond to biotic and abiotic stress (Signs and 
Flores 1990; Bais et al. 2001a; Vivanco et al. 2002).  
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Figure 1.2. Dynamic characteristics of plant roots. Relation between underground 
and aboveground properties of plant due to roots. The properties of roots are: 1) 
nutrient exchange and transport of secondary metabolites, 2) anchorage of aerial 
parts to soil, 3) symbiotic interaction with mycorrhiza and plant growth promoting 
bacteria (PGPR) for improving plant growth, 4) release of citrates and acids which 
aid in nutrient dissolution followed by their uptake, 5) signal transduction and 
response generation in form of secondary metabolites production which have 
medicinal importance, 6) water uptake and 7) defense action against pathogenic 
organism and pests. 
In addition to well known properties (as shown in Figure 1.2) of this hidden half of a 
plant, an underexplored domain of this organ lies in its potential to synthesize 
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biochemically active metabolites, some of which have medicinal value (Signs and 
Flores 1990; Vivanco et al. 2002). Being underground, roots also interact 
dynamically with soil borne microorganisms and pests for which roots have evolved 
protective secondary metabolites that maintain root and therefore plant viability 
under stress conditions (Yaniv and Bachrach, 2002). Root derived metabolites offers 
a wide arsenal of compounds that have been found to have anti-inflammatory, 
antimicrobial, antioxidant, antidiabetic, anticancer, antitumor, abortifacient, sedative 
and memory enhancer like medicinal properties (Vivanco et al. 2002; Yaniv and 
Bachrach, 2002). Thus, exploration of plant roots for discovery of novel and efficient 
phytopharmaceuticals is an exciting and rewarding area of research. 
1.2.1 Historical use of roots as a resource of medicinally important compounds 
For generations, root extract formulations have been used for treating various human 
ailments and diseases (Bais et al. 2001a). Greeks used a special term ‘rhizoctomes’ 
for medical doctors, whose medicine was root based and who were experts in root 
collection from their natural habitats (Yaniv and Bachrach 2002). Historically 
important roots and their extract include those of gentian (Gentian spp), ginseng 
(Panax quinquefolium), mandrake (Mandragora officinarum), catnip (Valeriana 
officinalis), glycyrrhiza (Glycyrrhiza spp), ashwagandha (Withania somnifera), 
gromwell (Lithospermum erythrorhizon) and many more (Flores et al. 1999; Vivanco 
et al. 2002; Yaniv and Bachrach, 2002; Patwardhan and Gautam 2005; Aggarwal et 
al. 2006). Gentian roots were used for the treatment of malaria during the reign of 
Genitus, the King of Illyria. Mandrake roots were also widely used in the history of 
the Middle East as mentioned in the Old Testament (Genesis 30:14) as well as in 
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Egyptian and Assyrian cultures (Yaniv and Bachrach, 2002). Portuguese in the 16th 
century discovered an emetic in the roots of ipecac (Cephaelis ipecacuanha). 
Valeriana roots (catnip) were used as nervous stimulants for the treatment of soldiers 
in World War I who suffered from shell shock. Shikonins were discovered to be 
antibacterial by Japanese and Chinese medical practitioners (Flores et al. 1987). Use 
of ashwagandha (Withania somnifera), shalaparni (Desmodium gangeticum) and 
glycyrrhiza (Glycyrrhiza spp) roots in Ayurveda (ancient art of healing used in India) 
for treatment of diseases is also reported (Aggarwal et al. 2006). Some examples of 
roots used over the centuries for alleviation of human diseases are shown in Table 
1.1. The table shows roots such as mandrake roots, dandelion roots, ginseng roots, 
glycyrrhiza roots used in traditional pharmacopeias and their medicinal activities. 
1.2.2 Biochemistry of root derived metabolites and their medicinal importance 
Roots are preferred repositories of bioactive compounds as they interact with soil 
microorganism, pests and herbivores (Vivanco et al. 2002). The term “biosynthetic 
factories (Yaniv and Bachrach, 2002) for roots can be attributed to their ability of 
producing secondary metabolites in response to stress conditions and root specialty 
proteins and root exudates for interaction with soil biota lying in the immediate 
vicinity. Four major classes of biochemicals found in the roots include primary 
metabolites, secondary metabolites, root specialty proteins and root exudates and are 
shown in the Figure 1.3 with further classification. 
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Table 1.1. Plant roots used in traditional pharmacopeias and their medicinal properties. 
Famous  
Roots 
Traditional  
System 
 Scientific  
 Name 
Family Active  
Principle 
Use References 
Mandrake 
Roots 
European Atropa mandragora Solanaceae Lignans Removing warts Flores et al. 
1999 
Dandelion  
Roots 
Arabian Taraxacum  officinale Asteraceae Sesquiterpenes Source of Vitamin 
A, C, laxative, 
cirrhosis, diuretic 
Schutz et al. 
2006 
Burdock  
Roots 
Chinese Arctium lappa Asteraceae Flavonoids, 
Cholorogenic 
acid, Vitamin C 
Blood purifier and 
skin remedies 
Chan et al. 
2011 
Rhubarb  
Roots 
Chinese Rheum rhubarbarum Polygonacea Anthraquinones Laxative, cathartic He et al.  
2009 
Salacia  
Roots 
Indian Salacia oblonga Celastraceae Salacinol, 
Kotalanol,  
Mangiferin 
Antidiabetic Grover et al. 
2002 
Ginseng  
Roots 
Chinese Panax ginseng 
Panax quinquefolium 
Araliaceae Gingsenosides Anti-aging, 
Anti-stress 
Chen et al. 
2008 
Ashwagandha 
Roots 
Indian Withania somnifera Solanaceae Steroidal 
lactones 
Blood purifier Aggarwal et 
al. 2006 
Glycyrrhiza 
Roots 
Indian Glycyrrhiza glabra 
Glycyrrhiza uralensis 
Fabaceae Glycyrrhizin,  
Glycyrrhizic 
acid 
Antitumor 
Anti-inflammatory 
and sweetener 
Patwardhan 
and Gautam 
2005 
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Figure 1.3. Classification of root derived metabolites (Adapted from Vivanco et 
al. 2002). Four different classes of metabolites namely primary metabolites, 
secondary metabolites, root specific proteins and root exudates are found in the 
roots. 
Primary metabolism involves biochemical processes responsible for normal anabolic 
and metabolic pathways which enable respiration, mineral transport and 
development whereas secondary metabolism involves generation of bye products 
which act as one of the main defense elements of plants against stressful conditions 
such as UV radiation as an abiotic, physical stress and pathogen or herbivore attack 
as a biological stress (Shilpa et al. 2010). Secondary metabolites are more complex 
and derived from primary metabolites after chemical modification such as 
methylation, hydroxylation and glycosylation (Shipla et al. 2010). They are 
categorized as i) terpenes, phenolics and alkaloids on the basis of chemical structure, 
ii) nitrogen or sulphur containing compounds on the basis of their composition, iii) 
soluble or insoluble on the basis of their solubility in different solvents and iv) 
Chapter 1 
11 
 
pathway specific such as phenylpropanoids or flavonoids synthesized by pentose 
phosphate and shikimate pathway (Chinou, 2008).  
Diversity of medicinally important secondary metabolites found in roots includes 
alkaloids such as nicotine (Nicotiana tabacum) as nematicide, lignans such as 
podophyllotoxin (Podophyllum  peltatum) as anticancer drug, quinones such as 
shikonin (Lithospermum spp) as antimicrobial agent, diterpenes such as gingkolides 
(Gingko biloba) and forskohlin (Coleus forskohlii) for treatment of heart diseases 
and bronchial asthma and thiophenes (Tagetes spp) as a prototype for the formation 
of various anti-inflammatory drugs (Bais et al. 2001a). Good examples that illustrate 
the use of root derived compounds which are FDA (Food and Drug Administration, 
U.S.A.) approved and used in mainstream therapy are anticancer drugs such as 
vinblastine and vincristine from Catharanthus roseus (Bhadra et al. 1993) and 
camptothecin from roots of Camptotheca acuminata (Wani and Wall 1969) and 
Mappia foetida (Govindachari and Viswanathan 1972). 
Other than low molecular weight biosynthetic molecules, polymeric compounds such 
as carbohydrates (starch and fructans) and proteins are also produced by roots 
(Vivanco et al. 2002). Proteins such as sporamin, glucanases, chitinases and 
ribosome-inactivating proteins (RIPs) are also produced by roots. They are used as 
antifungal and insecticidal molecules and are also used against root pests (Flores et 
al. 1999).  
A third, category of biomolecules produced by roots are those released in response to 
rhizosphere conditions such as flavonoids (for example quercetin, luteolin, 3-o- 
galactoside produced during rhizobium symbiosis and AMF colonization), citrates 
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(for phosphorus solubilization and complexation of Fe, Zn and Mn for their uptake), 
sesquiterpenes (against fungal attack), mucilage (against water loss)) and 
allelochemicals (for land reclamation). These properties of roots emphasise the 
ecological importance of roots and their role over evolutionary time for species 
survival (Flores et al. 1999; Vivanco et al. 2002). 
1.2.3 Root-derived secondary metabolites that have medicinal importance  
From a comprehensive review of the literature roots were found as reserves of 
established (FDA approved) and industrially exploited biomolecules as well as a 
resource for prospective metabolites, which are still under exploratory study. Figure 
1.4 shows that the established and prospective biomolecules found in roots can be 
classified into i) ‘Blockbuster’ molecules which are FDA approved, produced 
commercially and have high market value, such as camptothecin; podophyllotoxin 
and vinca alkaloids for cancer treatment (Nobili et al. 2009), ii) Potential molecules 
such as resveratrol; rosmarinic acid; glycyrrhizin which can be used as 
chemopreventive, anti-inflammatory and antioxidant agents (Medina- Bolivar et al. 
2007; Shanmugam et al. 2012; Khojasteh et al. 2014) and  iii) Next generation lead 
molecules such as berberine; plumbagin; gingsenosides; withanolides for antitumor, 
anti-inflammatory and anti- stress activities (Wang et al. 2008; Nobili et al. 2009; 
Malik et al. 2009; King and Murphy 2010; Diogo et al. 2011). Some of the key 
examples are shown in the Figure 1.4 
Chapter 1 
13 
 
 
Figure 1.4. Mixing the old and the new root derived bioactive molecules. a) 
Blockbuster bioactive molecules (FDA approved) and their alternative plant sources. 
Active principle 1- Camptothecin derived from Camptotheca acuminata and roots of 
Nothapodytes nimmoniana are a rich and alternative source of this metabolite 
(Lorence and Nessler 2004). Active principle 2- Podophyllotoxin is derived from 
roots and rhizome of Podophyllum hexandrum and due to its overexploitation, the 
hairy root culture of Linum album are identified as alternative resource of this 
metabolite (Yousefzadi et al. 2010; Farkya et al. 2013). b) Chemopreventive agents: 
Active principle 3- Rosmarinic acid show antioxidant potential higher than Vitamin 
E and can be used as chemopreventive agent from normal root and hairy root culture 
of Ocimum basilicum (Park et al. 2008; Baldasquin-Caceres et al. 2014; Khojasteh et 
al. 2014). Active principle 4- Resveratrol derived from hairy roots of peanut (Arachis 
hypogaea), grapes and berries is in phase I trial against colorectal cancer as 
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chemopreventive agent (Medina- Bolivar et al. 2007; Nobili et al. 2009).c) Next 
generation lead molecules: Active principles 5 and 6- Plumbagin from roots of 
Plumbago zeylanica and Berberine from roots of Berberis aristata have potential 
anticancer activities (Wang et al. 2008; Diogo et al. 2011). 
Among the various root derived secondary metabolites, rosmarinic acid was selected 
as the target metabolite in my study because of its high antioxidant potential and 
wide application in pharmaceutical, cosmeceutical and food industries.  
1.3 Rosmarinic acid 
Rosmarinic acid (RA) is a medicinally important polyphenol. It is named so because 
it was isolated for the first time from Rosmarinus officinalis by Scarpati and Oriente 
(1958). Chemically, RA belongs to the hydroxyl cinnamic acid family and is an ester 
of caffeic acid and 3, 4-dihydroxyphenyllactic acid (Figure 1.5; Petersen and 
Simmonds 2003).  
 
Figure 1.5. Chemical structure of rosmarinic acid. 
Antioxidant potential of RA is reported to be higher than Vitamin E (Park et al. 
2008) making it a potent medicinal compound. Medicinally, it is reported to have 
antioxidant, anti-inflammatory, neuroprotective, hypoglycemic, cognitive enhancing, 
chemopreventive and antiproliferative like biological properties (Bulgakov et al. 
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2012; Petersen 2013; Baldasquin-Caceres et al. 2014; Khojasteh et al. 2014). Owing 
to such a wide range of biological activities it is an active ingredient of many 
commercial medicinal products (NeurexTM; PersenTM; R Hist PX), dietary 
supplements (Rosmarinic acid complex; Life Link) and food preservatives 
(AquaroxTM 28; NUTROX W) (Peev et al. 2011).  
1.3.1 Distribution of rosmarinic acid in the plant kingdom 
Its distribution in the plant kingdom is wide and ranges from the most primitive 
plants such as hornworts and ferns to the highly evolved angiosperms (Khojasteh et 
al. 2014). Petersen (2013) reviewed its presence in thirty-nine families of the plant 
kingdom and eudicots were found to be the major order containing RA among 
hornworts, ferns and monocots. In contrast to primitive plants and angiosperms, no 
RA is reported in gymnosperms (Petersen et al. 2009; Petersen 2013). Among the 
twenty-six families of eudicots, RA has only been isolated from all members of the 
family Boraginaceae tested and in the species belonging to sub family Nepetoideae 
of the family Lamiaceae (Petersen et al. 2009). Species such as rosemary, sage, 
thyme, mint, oregano and basil belonging to the family Lamiaceae have all been 
reported to contain RA (Park et al. 2011). 
1.3.2 Biosynthesis and storage of rosmarinic acid 
The biosynthetic pathway for the synthesis of RA in plant cells is shown in Figure 
1.6. L-phenylalanine and L-tyrosine are the precursors of RA biosynthesis. These 
aromatic amino acids are transformed to the intermediate molecules: 4-coumaroyl-
CoA and 4-hydroxyphenyllactic acid respectively. Phenylalanine ammonia-lyase 
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(PAL), converts phenylalanine to cinnamic acid, which later forms 4-coumaroyl-
CoA in the phenylpropanoid pathway.  4-hydroxylase (C4H) and 4-coumaric acid 
CoA-ligase (4CL) are involved in this conversion. In the tyrosine aminotransferase 
(TAT) pathway, tyrosine reacts with 2-oxoglutarate and is transaminated by 
pyridoxalphosphate to 4-hydroxyphenylpyruvic acid (pHPP). Later, 
hydroxyphenylpyruvate reductase (HPPR) catalyzes the NAD (P) H-dependent 
reduction of pHPP. Then pHPL and 4-coumaroyl- CoA are coupled by ester 
formation to 4-coumaroyl- 4ˈ-hydroxyphenyllactic acid (4C-pHPL), with the release 
of coenzyme A by rosmarinic acid synthase (RAS). CHPL is converted to RA by 
cytochrome P450 monooxygenases from the CYP98A family (Petersen et al. 2009; 
Petersen 2013; Khojasteh et al. 2014; Kim et al. 2015). 
After biosynthesis, RA is stored in the vacuoles of the plant cells (Petersen 2013) as 
shown by Hausler et al. (1993) in suspension culture cells of Coleus blumei. They 
studied the distribution of RA in the protoplasts and vacuoles by the isolation of 
vacuolar marker enzymes (acid phosphatase, phosphodiesterase, N-
acetylglucosaminidase) and cytoplasmic marker enzyme (glucose-6-phosphate 
dehydrogenase). RA levels were found to match with vacuolar marker enzymes 
while the distribution varied with cytoplasmic marker enzyme showing it to be a 
vacuolar metabolite.  
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Figure 1.6. Schematic representation of the biosynthetic pathway of rosmarinic 
acid in Coleus blumei (Adapted from Khojasteh et al. 2014). Figure shows two 
basic pathways (phenylpropanoid and tyrosine derived pathway) involved in 
biosynthesis of RA. Phenylalanine and tyrosine are parent molecules. Intermediate 
compounds formed during the process are shown in rectangular boxes. Enzymes 
involved are: PAL (phenylalanine ammonia-lyase), C4H (cinnamic acid 4-
hydroxylase), 4CL (4- coumarate: coenzyme A ligase), TAT (tyrosine 
aminotransferase), HPPR (hydroxyphenylpyruvate reductase), RAS (rosmarinic acid 
synthase), 4C-pHPL, 3/3ˈ-H (4-coumaroyl-40-hydroxyphenyllactate 3/3ˈ- 
hydroxylase(s)), Caf-pHPL, (3H caffeoyl-4ˈ-hydroxyphenyllactate-30-
hydroxylase),4C-DHPL(30H,4-coumaroyl-30,40dihydroxyphenyllactate 3-
hydroxylase). 
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1.3.3 Biological activities of rosmarinic acid 
RA is a secondary metabolite persistently synthesized by plants and is possibly used 
as a defense molecule against biotic and abiotic stress such as pests; pathogens and 
UV light (Petersen and Simmonds 2003). For the application as a medicinal 
compound it is isolated from the plants majorly belonging to the family Lamiaceae.  
1.3.3.1 Antioxidant activity 
An ability to act as an antioxidant is one of the prominent biological activities of RA. 
It acts as an antioxidant by controlling free radical movement and cell membrane 
stabilization (Perez-Fons et al. 2010) in oxidatively damaged cells. In UV B affected 
human keratinocytes cells, RA was found to decrease reactive oxygen species 
production and IL 6 production from T cells and macrophages (Vostalova et al. 
2010). It also inhibits lipid peroxidation in liposomes (Fadel et al. 2011). Because of 
its antioxidant nature, RA also prevents DNA damage (Furtado et al. 2010; Sevgi et 
al. 2015). 
1.3.3.2 Antimicrobial and anti-inflammatory activities 
Abedini et al. (2013) showed RA to exhibit antibacterial activity against eight 
pathogenic bacteria and proposed cell surface damage as one of the mechanism for 
this activity. In another study, Moreno et al. (2006) also reported antimicrobial 
activity of rosemary extracts against Gram positive; Gram negative bacteria and 
Yeast. Additionally, they also reported antimicrobial activity to be compound 
dependent and identified RA and carnosic acid as the main antimicrobial bioactives.  
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As an antiviral and anti-inflammatory agent in an in vivo study against Japanese 
encephalitis, RA was reported to decrease viral replication in brain cells along with 
reduction of secondary inflammation (Swarup et al. 2007). In the extracts of Melissa 
officinalis it was also identified as an active antiviral ingredient against Herpes 
Simplex Virus (Astani et al. 2014)  
1.3.3.3 Antidiabetic activity 
Recently, Jayanthy and Subramanian (2014) identified a role for RA as a potential 
antidiabetic agent against hyperglycemic condition in experimental diabetic rats. 
Additionally, because of its ability to modulate cholinergic neurotransmission and 
prevention of oxidative damage in the brain of diabetic rat, RA was also proposed as 
a complementary drug for diabetic treatment by Mushtaq et al. (2014)  
1.3.3.4 Chemopreventive and anti-proliferative activity 
Chemoprevention is one of the promising strategies for cancer management and RA 
in purified form or in plant extracts is shown to act as an anticancer agent. 
Baldasquin-Caceres et al. (2014) showed inhibitory effect of RA on oral 
carcinogenesis and inhibition of the inflammatory responses and the scavenging of 
reactive oxygen radicals were proposed as the possible mechanisms for such 
observation.  
RA also showed antiproliferative activity against human ovarian cancer cell lines 
(Tai et al. 2012). It was also reported to show antimutagenic activity in Swiss mice 
as shown by micronuclear tests (Furtado et al. 2008). Xu et al. (2010) reported RA to 
inhibit the migration of MDA-MB-231BO human bone-homing breast cancer cells, 
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which further inhibited bone metastasis from breast carcinomas showing its utility to 
inhibit progression of cancer and application in adjuvant therapy. 
1.3.3.5 Antiangiogenic activity 
Angiogenesis plays a critical role in tumor development and in inflammatory 
diseases such as rheumatoid arthritis and proliferative diabetic retinopathy (Huang 
and Zheng 2006). Thus, inhibition of angiogenesis is a potential route for the control 
of tumor development and chronic inflammatory diseases (Huang and Zheng 2006). 
Antiangiogenic activity of RA was demonstrated by Huang and Zheng (2006) in 
human umbilical vein endothelial cells in a concentration-dependent manner and by 
Kim et al. (2009) against retinal neovascularization in a mouse model of retinopathy. 
RA also shows an antifibriotic effect as reported by Li et al. (2010) in a carbon 
tetrachloride-induced rat liver fibrosis model. 
1.3.3.6 Cognitive and neuroprotective properties 
Role of RA to enhance cognitive performance due to the inhibition of prolyl 
oligopeptidase has been also reported by Park et al. (2010). Utility of RA for 
therapeutic treatment of Alzheimer’s disease was proposed by Hamaguchi et al. 
(2009) as RA can inhibit formation of amyloid-B plaques in the brain. RA at low 
concentration also shows neuroprotective effects against amyotrophic lateral 
sclerosis as shown by Fallarini et al. (2009). 
1.3.4 Chemical and biological production of Rosmarinic acid 
Rosmarinic acid can be produced both chemically and biologically.  First chemical 
synthesis of rosmarinic acid was achieved by Albrecht (Petersen and Simmonds 
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2003). Chemical synthesis has been widely utilized for synthesis of its derivatives 
(methyl ester derivatives). Biologically, RA can be obtained from plants growing in 
natural conditions and for their enhanced production biotechnological techniques like 
suspension culture, hairy root cultures and elicitation studies have been widely 
reported in the literature (Park et al. 2008; Khojasteh et al. 2014; Kim et al. 2015).  
Before discussing the utility of biotechnological methods for production and 
enhancement of rosmarinic acid, I first aim to describe in the next section the utility 
and drawbacks of various in vitro culture techniques and selection of hairy roots for 
RA production and its elicitation in my study. 
1.4 In vitro production of medicinally important secondary 
metabolites 
1.4.1 Drawbacks associated with extraction of root derived secondary 
metabolites from natural resources 
Use of phytochemicals in the therapeutic industry is limited (Rates 2001).  Quality 
recovery of the secondary metabolites from the plants is the main reason for their 
limited use. Two major drawbacks are associated with the extraction of secondary 
metabolites directly from the plants. First is the supply issue and in several cases, the 
compound of interest is recovered from slow growing plant species or species which 
are endangered. Thus, in vivo productivity may be considered for secondary 
metabolite production but is associated with the requirement for large biomass 
availability, which is hindered by a number of problems, related to disease, drought 
or socioeconomic factors. Second, plant derived pharmaceutical extracts also lack 
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the necessary standardization that renders them unreliable for large-scale clinical use. 
Further because of environmental factors, plant developmental stages and 
heterogeneity of the extracts, isolation and purification of products from plants is an 
indispensable and costly procedure. The specific bioactivity of the plant extracts may 
fluctuate during prolonged storage (Canter et al. 2005). Thus, alternative methods of 
plant biotechnology have gained momentum for the synthesis of bioactive 
metabolites as chemical synthesis is not economically feasible method and is 
difficult if not impossible for complex and large molecular structures as in the case 
of podophyllotoxin (Ionkova et al. 2010; Yousefzadi et al. 2010). 
1.4.2 Alternative biotechnological methods for the production of medicinally 
important secondary metabolites 
In vitro techniques like clonal propagation, callus culture and suspension culture 
show distinct advantages for the production of biologically active secondary 
metabolite in comparison with use of the whole plant. These advantages include a) 
simple, reliable and predictable production, b) rapid and efficient isolation of the 
phytochemical in comparison to the extraction from the whole plant c) avoidance of 
interfering conditions that occur in the field grown plant, d) production of standard 
phytochemicals in large and defined volumes and e) as potential models for 
elicitation studies (Karruppusamy, 2009). 
Suspension culture for large-scale production is associated with drawbacks of low 
productivity due to their undifferentiated nature and slow growth and degradation of 
products by enzymes in the culture medium (Weathers et al. 2010, Chandra and 
Chandra 2011). Thus, production of root derived phytochemicals in relatively large 
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amounts can be made possible by developing tissue-specific in vitro culture 
techniques such as adventitious roots and transformed hairy root cultures as 
discussed by Sivakumar (2006). Adventitious root cultures require exogenous 
phytohormone supply for growth and are quite slow growing (Sivakumar et al. 2005) 
marking the utility of “hairy root cultures” a possible alternative for production of 
root-specific metabolites under in vitro conditions. 
1.5 Hairy roots - alternative for production of root specific 
metabolites  
Hairy root is a neoplastic disease caused by Agrobacterium rhizogenes in species 
belonging to dicotyledonous families of the plant kingdom and some monocots (Giri 
and Narasu 2000, Srivastava and Srivastava 2007). Hairy roots act as a biocatalyst or 
renewable production system (Chandra and Chandra 2011) for secondary metabolite 
production and are characterized by fast growth, high branching, negative 
geotropism, and hormone independent growth (Christey 2001; Sevon and Oksman-
Caldentey 2002; Giorgiev et al. 2007; Giorgiev et al. 2012).  
Being organized makes them an attractive alternative for the production of valuable 
metabolite in comparison to natural plant roots (Srivastava and Srivastava 2007). A. 
rhizogenes (formerly known as Phytomonas rhizogenes) is a soil borne gram-
negative pathogenic bacterium, which harbors Ri (root inducing) plasmid and 
transforms plant cells to produce roots (Christey 2001, Veena and Taylor 2007) that 
are characterized by a proliferation of root hairs on their surface (Figure 1.7).   
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1.5.1. Agrobacterium rhizogenes  
On the basis of opines synthesized and degraded the Ri plasmids of A. rhizogenes are 
classified into three main types: agropine, mannopine and cucumopine. Agropine 
type of Ri plasmid contains two independently transferable T-DNA regions (TL-
DNA and TR-DNA) separated by 15 - 20 kb nontransferable plasmid DNA. The 
latter two opine types contain only a single integrated T-DNA (Christey 2001; Batra 
et al. 2004; Bandyopadhyay et al. 2007). A representative diagram of the Ri plasmid 
of A. rhizogenes is shown in Figure 1.8. 
 
Figure 1.7. A representative figure showing positive leaf explant after A. 
rhizogenes mediated transformation. Figure produced from results of this thesis. 
Transformed roots formed after infection show dense root hairs on their surface. “L” 
stands for infected leaf explant and arrow show hairs on root surface. 
In Ri plasmid of agropine type TL-DNA corresponds to 18 open reading frames 
(ORFs). rol abcd genes (root loci) correspond to ORFs 10, 11, 12 and 15 located on 
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TL-DNA and are responsible for root differentiation and morphogenesis while TR-
DNA regions harbors genes (ags, mas, aux 1 and aux 2) that are responsible for 
opine and auxin synthesis (Chirqui et al. 1996; Christey 2001; Sevon and Oksman-  
Caldentey 2002; Batra et al. 2004; Koperdakova et al. 2009). 
Figure 1.8. Structure and functional organization of Ri plasmid of A. rhizogenes 
(Adapted from Chirqui et al. 1996, Veena and Taylor 2007). Single and split 
types of T-DNA found in the different opine synthesizing strains of A. rhizogenes are 
indicated in the figure. ORFs 1 – 18 are shown in the figure according to their 
position. Arrow shows the 5′ to 3′ direction of the ORFs. acs: agrocinopine synthase 
gene; mas: mannopine synthase gene; ags: agropine synthase; LB: Left border and 
RB: Right border. 
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In detail, as reviewed by Bulgakov (2008), among the four rol oncogenes, role of rol 
a is recognized as a regulatory protein but its impact on secondary metabolite 
synthesis is still not known; rol b has tyrosine phosphatase activity and strongly 
impacts secondary metabolite production. Similar to rol b, rol c also shows a 
stimulatory effect on secondary metabolite production while rol d stimulates root 
growth. rol oncogenes thus provide a series of stimuli that trigger various signal 
transduction pathways and affect biochemical pathways involved in secondary 
metabolite production in hairy root cultures (Sharma et al. 2013a). 
1.5.2 Stages involved in Agrobacterium rhizogenes mediated transformation 
The process of hairy root development involves chemotactic attraction of the 
bacterium to the plant cell; followed by formation of T-DNA complex and transfer of 
T-DNA complex into the host plant cell genome and its integration into the host 
genome and finally expression of disease symptom in the form of hairy roots. The 
stages of T-DNA transfer and disease development are complemented by vir D1, vir 
D2, vir E1, vir E2 loci and chv (chromosomal virulence) genes located on the Ri 
plasmid (Veena and Taylor 2007). A model of stages involved in Agrobacterium (Ti 
plasmid based) induced transformation is shown in the Figure 1.9. 
1.5.3 Techniques for the development of hairy root cultures 
Two basic techniques (Figure 1.10.) such as direct infection and co-cultivation in 
broth have been adapted for hairy root induction studies (Giorgiev et al. 2007). Apart 
from the above two techniques, sonication-assisted transformation has been also 
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reported for the induction of hairy roots in recalcitrant plant species such as 
Verbascum xanthophoeniceum (Giorgiev et al. 2007). 
/ 
Figure 1.9. Schematic representation of the stages involved in Agrobacterium 
mediated transformation of plant cells (Adapted from Tzfira and Citovsky 2006 
with modifications). Transformation process involves ten major steps as described. 
1) Recognition and attachment of Agrobacterium to plant cells, 2) Perception of 
plant signal by vir A/ vir G complex, 3) Activation of vir region, 4) Formation of 
immature T complex, 5) Transport of the complex with vir proteins into the plant cell 
cytoplasm, 6) Formation of mature T complex by association of vir E2 to T strand 
and its movement in cytoplasm via microtubules and dyenin molecules, 7) 
Translocation of mature T complex via nuclear pore complex and bacterial factors, 
8) Transport into the nucleus and recruitment of T-DNA for integration via V1P1 
and histone H2A, 9) Removal of escorting protein by vir F and host proteosomal 
degradation machinery and 10) Integration into the host genome. 
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Figure 1.10. Schematic diagram showing stages involved in Agrobacterium 
rhizogenes mediated transformation of plants and known applications of the 
developed hairy root lines. Six basic stages are involved in the induction of hairy 
root cultures. 1) Different types of explants for transformational process. In vivo 
collected plant samples should be surface sterilized before bacterial infection, 2 and 
3) Two major types of processes for hairy root induction using wounded explants: 
direct injury method and co-cultivation technique 4) Antibiotic treatment for removal 
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of redundant bacterium.5) Root lines obtained after transformation and 6) Confirmed 
hairy root line. 
1.5.4 Applications of hairy root culture 
Developed hairy roots are organised cultures characterized by genotypic and 
phenotypic stability, excessive and hormone-independent growth and an ability to 
produce secondary metabolites that have medicinal importance. They have been used 
for production of high value medicinal compounds showing anticancer 
(camptothecin from Ophiorhiza pumila, podophyllotoxin from Linum album), anti-
inflammatory (rosmarinic acid from Dracocephalum moldavica), antimalarial 
(artemisinin from Artemisia annua) like properties (Kitajima et al. 2002; Kumar et 
al. 2012; Weremczuk-Jezyna et al. 2013; Patra and Srivastava 2014). Apart from the 
production of medicinally important compounds, hairy roots are also used for 
metabolic engineering, recombinant protein production, biosynthetic pathway 
elucidation, scale up (bioreactors), biotransformation, phytoremediation studies and 
mycorhizal mass production (Giri and Narasu 2000; Christey 2001; Ono and Tian 
2011; Giorgiev et al. 2012, Puri and Adholeya 2013). 
1.5.5 Need of enhancement studies in hairy root cultures  
The increasing number of patents on the various applications of hairy roots supports 
their industrial merits (Talano et al. 2012). Success of hairy roots as industrial 
models for large-scale production of secondary metabolites having medicinal 
properties is, however, limited due to low yield of secondary metabolites showing 
the importance of enhancement studies (Goel et al. 2011). Prior to enhancement 
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studies, selection of stable and highly productive hairy root lines also ensures 
efficient enhancement protocol development. The production level of secondary 
metabolites in hairy root cultures can be enhanced by optimization of culture 
medium and growth conditions or by genetic manipulation of biosynthetic pathways 
for upregulation of metabolite synthesis or by the use of triggering molecules called 
as “elicitors” (Weathers et al. 2010; Goel et al. 2011; Mehrotra et al. 2015). 
1.6. Elicitation for enhanced production of secondary metabolites 
Elicitors are defined as molecules which trigger a series of cellular and molecular 
reactions in the plant cell for enhanced production of secondary metabolites and their 
accumulation (Shilpa et al. 2010). The process of enhanced biosynthesis of 
metabolites after exposure to elicitors or stress molecules is termed as elicitation 
(Shilpa et al. 2010; Goel et al. 2011; Wang and Wu 2013). Response generated after 
elicitation involves signal recognition by a cell surface receptor, its transduction by 
cellular and molecular events which ultimately leads to secondary metabolite 
production as a defense related activity (Goel et al. 2011). On the basis of origin, 
elicitors are classified as biotic and abiotic elicitors. Examples of biotic elicitor 
includes bacterial and fungal cells or compounds of biological origin such as chitin, 
pectin, cellulose, glycoproteins where as physical and chemical stress signals such as 
UV radiations, temperature extremities, salts of heavy metals, osmotic shock are 
termed as abiotic elicitors (Zhao et al. 2005; Goel et al. 2011; Wang and Wu 2013). 
Elicitation is dependent on factors such as concentration of the elicitor, the metabolic 
stage of the culture at the time of elicitor addition, contact time between the culture 
and elicitor and many others (Sharma et al. 2013b). 
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As cited in the recent reviews of Goel et al. (2011) and Wang and Wu (2013) various 
elicitors for enhanced production of secondary metabolites are used in hairy root 
research. For the biological elicitation of the secondary metabolites, generally two 
methodologies of co-culture or exogenous supplementation of the biotic elicitors to 
the hairy root culture medium are adapted (Bais et al. 2002; Wu et al. 2007). Co-
culture of hairy roots and bacterial culture (Bacillus cereus) has been used for 
elicitation of tanshinones in Salvia miltiorrhiza (Wu et al. 2007). In contrast to 
bacterial co-culture technique, fungal elicitors are exogenously supplied to the 
growth medium in the form of crude mycelial extracts or culture filtrate for 
elicitation studies with hairy roots (Wang and Wu 2013) as shown in the Table 1.2. 
Some of the key examples of biotic elicitors used in hairy root research shown in the 
table below clearly indicate use of exogenous supplementation as a widely used 
technique and need of more studies on co-culture with biological elicitors for 
elicitation of secondary metabolites.  
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Table 1.2. Biotic elicitors used in hairy root cultures research. 
Technique/  
Class of 
biotic  
elictor 
Elicitor Plant  Compound  
elicited 
References 
Co-culture/  
Bacteria 
Bacillus cereus Salvia  
miltiorrhiza 
Tanshinones Wu et al. 2007 
Exogenous/  
Fungus 
Cell wall extract of 
Phytophthora cinnamoni 
Ocimum  
basilicum 
Rosmarinic 
acid 
Bais et al. 
2002 
Exogenous/  
Fungus 
Culture filtrate of 
Piriformospora indica 
Linum  
album 
Lignan Kumar et al.  
2012 
Exogenous/  
Fungus 
Yeast extract Salvia  
miltiorrhiza 
Tanshinones Yan et al. 
2005 
Exogenous/ 
Polysaccharide 
from microbial 
or plant cell 
Mycelia homo- 
genates of  
Penicillium chysogenum 
Artemisia 
annua 
Artemisinin Liu et al.  
1999 
Exogenous/ 
Glycoprotein 
from algal 
source 
Glycoprotein Tanacetum 
parthenium 
Spiroketal 
enol ether 
diacetylenes 
Stojakowska 
et al. 2008 
1.7. Biotechnological production of rosmarinic acid 
Various in vitro culture techniques like undifferentiated cell cultures, suspension 
cultures and hairy root cultures have been reported for RA production (Bulgakov et 
al. 2012; Khojasteh et al. 2014; Kim et al. 2015). Plants belonging to the families 
Lamiacaeae and Boraginaceae such as Agastche rugosa, Anchusa officinalis, 
Ocimum basilicum, Salvia miltiorrhiza and Eritrichium sericeum have been reported 
to be studied for RA production both in the undifferentiated and hairy root culture 
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systems (Bulgakov et al. 2012). For enhanced production of RA, both biotic and 
abiotic elicitors have been used with hairy roots and cell suspension culture (Bais et 
al. 2002; Kim et al. 2013).  
Table 1.3 outlines some of the key species of Lamiaceae and Boraginaceae explored 
for biotechnological production of RA and its elicitation. The table shows different 
in vitro methods (cell suspension; callus culture; hairy roots) that have been used 
with particular species for RA production. RA content obtained from different 
culture types for each study listed is expressed in terms of percentage (%) dry 
weight. The table also shows variation in the RA content between the species and 
culture type used. As shown in the table hairy roots are generally observed to be a 
better production system in comparison to callus and suspension cultures (for 
example: hairy roots of Agastache rugosa,  Hyssopus officinalis, Ocimum basilicum, 
Dracocephalum moldavica are reported to produce 11.6 %,  8 %, 14.1 % , 7.8 % of 
RA respectively). Among 17 species shown in the Table 1.3, the highest RA content 
(14.1 %) was reported in hairy roots of Ocimum.basilicum, followed by callus 
cultures of Zataria multiflora (9.6 %) and hairy roots of Hyssopus officinalis (8 %). 
Various elicitors such as sucrose, methyl jasmonate and yeast extract have been used 
for elicitation of RA production in vitro and are also shown in the table. Sucrose, 
glucose, m- Fluorophenylalanine and methyl jasmonate are observed as potential 
elicitors for RA production in the table below. 
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Table 1.3. Amount of rosmarinic acid produced by different biotechnological culture techniques. 
Plant  Family Culture type  
(Cell suspension 
culture/ callus/ 
hairy roots) 
RA amount (% 
dry weight) 
RA amount  
(% dry weight) 
 / elicitor type 
References 
Agastache  
rugosa 
Lamiaceae Cell suspension 1.5 - Xu et al. 2008 
  Hairy roots 11.6 - Lee et al. 2008 
  Cell suspension 0.78 1.6-3.6/ Methyl Jasmonate Kim et al. 2013 
Coleus 
blumei 
Lamiaceae Cell suspension 3.5- 4.0 13-19/ Sucrose Petersen 1991 
  Cell suspension 1.5- 2.0 12/ Sucrose  Gertlowski and 
Petersen 1993 
  Cell suspension 0.7-1.0 2.1, 3.3/ Fungal, Methyl 
Jasmonate/  
Szabo et al. 1999 
  Hairy roots 2.0-5.0 3.5-7.6/ Methyl Jasmonate Bauer et al. 2009 
Coleus  
forskohlii 
Lamiaceae Hairy roots 4.0-4.4 - Li et al. 2005 
Hyssopus  
officinalis 
Lamiaceae Hairy roots 8.0 - Murakami et al. 1998 
  Callus culture 3.3 - Kochan et al. 1999 
  Cell suspension 3.3 - Kochan et al. 1999 
Lavandula  
vera 
Lamiaceae Cell suspension 0.5 10.2/m- Fluorophenylalanine and 
medium 
Georgiev et al. 2006 
Nepeta  
cataria 
Lamiaceae Hairy roots ̴1.4 
 
 Lee et al. 2010 
Chapter 1 
35 
 
Ocimum  
basilicum 
Lamiaceae Hairy roots 14.1 - Tada et al. 1996 
      
  Cell suspension 1.0 - Kintzios et al. 2003 
 
Ocimum  
basilicum 
Lamiaceae Hairy roots 0.5 ̴1.4/  
Fungal elicitor 
 
Bais et al. 2002* 
Ocimum  
sanctum 
Lamiaceae Cell suspension 1.03 - Giraldo et al. 2014 
Rosmarinus  
officinalis  
Lamiaceae Cell suspension 7.7 - Kuhlman and Rohl 
2006 
Salvia 
fruticosa 
Lamiaceae Callus culture 2.1 - Karam et al. 2003 
  Cell suspension 5.1 - Karam et al. 2003 
  Root culture 1.8 2.7/ Sucrose Karam et al. 2003 
Salvia 
miltiorrhiza 
Lamiaceae Hairy roots 1.2 2.9/ Yeast extract Chen et al. 2001 
  Hairy roots 4.6 7.4/ Yeast extract Yan et al. 2006 
  Hairy roots 3.3 6.0/Methyl Jasmonate Xiao et al. 2009 
  Hairy roots 3.0 - Xiao et al. 2010 
Salvia  
officinalis  
Lamiaceae Callus culture 0.3 - Santos- Gomes et al. 
2003 
  Cell suspension 0.3 - Santos- Gomes et al.  
2003 
  Hairy roots 4.5 - Grzegorczyk et al.  
2006 
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Zataria  
multiflora  
Lamiaceae Callus culture 9.6 15.8/ Glucose Francoise et al.  2007 
Dracocephalum 
moldavica 
Lamiaceae Hairy roots 7.8  Weremczuk-Jezyna 
et al.  2013 
Dracocephalum 
kotschyi 
Lamiaceae Hairy roots 0.15  Fattahi et al. 2013 
Eritrichium  
sericeum 
Boraginaceae Root culture 4.5 - Fedoreyev et al.  
2005 
  Hairy roots 5.5 6.9/ Methyl Jasmonate Bulgakov et al. 2005 
  Callus culture 4.6 5.3, 2.3/ Methyl Jasmonate/ 
Cuprum ions 
Inyushkina et al. 
2009  
Lithospermum 
erythrorhizon 
Boraginaceae Cell suspension 2.6  Yamamoto et al. 
2000 
* shows value presented by Bulgakov et al. (2012) for conversion of RA % in fresh weight to RA % in dry weight. 
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1.7.1 Cell and callus culture  
The first biotechnological production of RA was through cell suspension culture of 
Coleus blumei Benth (Razzaque and Ellis 1977) where 8 – 11 % of RA accumulated 
in cells. Since then a range of cell culture techniques have been used for RA 
production (as cited in the reviews of Petersen and Simmonds 2003). For further 
improvement of RA yield in cell culture systems, methods such as sucrose, glucose 
and phytohormones addition to the culture medium or elicitor treatment are also 
reported in literature (Vogelsang et al. 2006; Xu et al. 2008; Sahu et al. 2013). An 
example of increased RA levels after glucose addition was shown in callus culture of 
Zataria multiflora by Francoise et al. (2007) where thirteen times higher RA was 
produced in comparison to in vitro raised aerial parts. Biotic elicitors such as yeast 
extract (YE) and Pythium aphanidermatum extracts were also used to enhance RA 
production in in vitro suspension culture of Lithiospermum erythrohizon, Coleus 
blumei, Orthosiphon aristatus and Solenostemon scutellarioides (Park et al. 2008; 
Bulgakov et al. 2012, Sahu et al. 2013). Abiotic elicitors such as vanadyl sulphate 
and many others are also reported for elicitation of RA content (Giorgiev et al. 2006; 
Bulgakov et al. 2012) in cell cultures. 
1.7.2 In vitro shoot and root culture technique  
Other than callus cultures, in vitro raised shoot and root culture techniques are also 
reported for RA production, for example shoot cultures of Mentha arvensis (0.21 
mg/g FW) and Zataria multiflora (4.52 mg/g DW) (Phatak and Heble, 2002; 
Francoise et al. 2007). Non- transformed root cultures of Salvia fruticosa are also 
reported for RA production in in vitro (Karam et al. 2003). 
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1.7.3 Hairy root cultures  
Hairy roots are an efficient alternative of RA production in in vitro condition. First 
transformed hairy root cultures for RA production was reported in Ocimum 
basilicum by Tada et al. (1996) followed by Hyssopus officinalis (Murakami et al. 
1998), Salvia miltiorrhiza (Chen et al. 2001), Coleus blumei (Bauer et al. 2009) 
Dracocephalum kotschyi (Fattahi et al. 2013), and Dracocephalum. moldavica 
(Weremczuk-Jezyna et al. 2013) recently. RA production depends on A. rhizogenes 
strain used for transformation, growth medium, age and morphology of hairy root 
cultures as shown in studies on hairy roots of O. basilicum and S. officinalis (Tada et 
al. 1996; Grzegorczyk et al. 2006; Fattahi et al. 2013). Among the five different 
hairy root lines of O. baslicum highest RA (14.1 % DW) was reported in J1 clone 
grown on MS medium (Tada et al. 1996) after 8 weeks of co-culture, while all other 
four hairy root lines produced ̴5 % DW of RA. Murakami et al. (1998) reported hairy 
roots to produce eight times higher levels of RA (8 % DW) than the leaves of the 
intact plant after 6 weeks. Similar observations of higher RA levels in hairy roots 
than normal plant roots was also reported in studies of Bais et al. (2002) and 
Grzegorczyk et al. (2006). For enhancing metabolite yield, nutrient and growth 
regulators supplementation, elicitation and biosynthetic pathway modification 
techniques are adopted in hairy root cultures. Both biotic and abiotic elicitors like 
cell wall extracts of Phytophthora cinnamoni, yeast extracts, methyl jasmonate, Ag+, 
light are reported for RA elicitation in hairy roots of Ocimum basilicum, Salvia 
miltiorrhiza, Coleus  blumei, Dracocephalum moldavica  (Bais et al. 2002; Yan et al. 
2006; Xiao et al. 2009; Bauer et al. 2009; Weremczuk-Jezyna et al. 2013). In 
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addition, metabolic engineering of enzymes (C4H, TAT, and HPPR) involved in the 
biosynthetic pathway of RA are also reported for enhancing RA yield (Xiao et al. 
2011). 
1.8 Biotic elicitation for enhanced production of secondary 
metabolites 
Bacterial co-culture for elicitation studies has been reported with hairy roots of 
Salvia miltiorrhiza (Wu et al. 2007) but no reports exist on use of co-culture 
technique with a fungus. Majority of fungal elicitation studies conducted with hairy 
root culture involves use of culture homogenates or culture filtrates of fungus of 
mainly pathogenic origin like Rhizoctonia bataticola (Komaraiah et al. 2003), 
Phytophthora cinnamoni (Bais et al. 2002), Aspergillus niger, Alternaria sp., 
Fusarium monoliformae (Ajungla et al. 2009), Fusarium graminearum (Torkamani 
et al. 2014). Other than pathogenic fungus, culture filtrate of Piriformaspora indica, a 
fungal endophyte is also reported for elicitation of lignans in hairy roots of Linum 
album (Kumar et al. 2012), however no report exist on use of mycorrhiza (root 
colonizing symbiont) in in vitro condition with hairy roots for elicitation studies. 
Thus, identification of potential of mycorrhiza as a biotic elicitor in vitro and its 
optimization thereafter is a thrust area of research for excessive production of 
bioactive molecules such as RA. 
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1.9 Arbuscular mycorrhiza fungi for enhanced production of 
secondary metabolites in medicinal plants 
Arbuscular mycorrhiza (AM) is the most widespread mutualistic association found 
between the plant roots and symbiotic fungus (Smith and Read 2008). They are 
obligate biotrophs belonging to the phylum Glomeromycota and are known to 
colonize approximately 80 % of terrestrial plant species (Smith and Read 2008; 
Lopez- Raez et al. 2010; Zhang et al. 2013). AM fungi colonize plant roots and form 
highly branched, tree-shaped structures called “arbuscules” inside the cortical cells 
(Gutjahr and Parniske 2013). In terms of evolution, AM associations with plants are 
more than 450 million years old as evident from the reports on fossils of their spores 
and hyphae from the Ordovician period and arbuscules like structures in the plant 
fossils of the Devonian period (Lima et al. 2009; Bonfante and Genre 2010; 
Gianinazzi et al. 2010).  
1.9.1 Development of mycorrhizal symbiosis 
Mycorrhizal endosymbiosis development is a finely regulated process and is 
characterized by phases of fungal hyphae progression during colonization. It includes 
presymbiotic phase, appresorium (hypodium; a flattened hyphal attachment which 
outgrows as peg and infects the host) formation, prepenetration apparatus 
(specialized cytoplasmic assembly which facilitates root infection) formation, 
arbuscule (treelike haustorial organ) generation and its degeneration. During 
presymbiotic phase plant derived strigolactones enhances hyphal branching and in 
return fungal molecules initiates plant gene expression which leads to hypopodium 
Chapter 1 
41 
 
formation. Hypopodia progresses to form intracellular accommodation structure 
called as prepenetration apparatus (PPA) and travels through apoplast to initiate 
arbuscule formation in the cortical cells. Arbuscules are the main interface of 
nutrient transfer in this relationship which grows to their maximum size and then 
collapses due to nutrient unavailability by septum formation (Parniske 2008; Gutjahr 
and Parniske 2013). A schematic representation of stages involved in the 
development of mycorrhizal endosymbiosis is shown in the Figure 1.11. 
1.9.2 Properties of mycorrhizal symbiosis 
During mycorrhizal symbiosis, the fungal partner acquires and transfers water and 
mineral nutrients (phosphorus, nitrogen) to the plant cell and in return receives 
carbohydrates from its photosynthetic partner (Parniske 2008). This symbiotic 
interaction promotes plant growth, crop yield, drought and stress tolerance, and also 
affects the primary and secondary metabolic pathways (Schliemann et al. 2008; 
Ceccarelli et al. 2010; Vosatka et al. 2012) of the plants. Furthermore, AMF also acts 
as a soil aggregate stabilizer, prevents soil erosion and facilitates phytoremediation 
(Fester and Sawers 2011; Leung et al. 2013). Thus, AMF adds to plant productivity 
and ecosystem sustainability in new plant production strategies (Barrios 2007, 
Gianinazzi et al. 2010) and are essential for the sustainable management of 
agricultural systems (Smith and Read 2008). 
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Figure 1.11. Stages involved in the development of mycorrhizal endosymbiosis 
(Adapted and modified from Gutjahr and Parniske 2013). I) Pre-penetration 
apparatus, II) Hypopodium formation and entry into the cell, III) Birds-foot 
formation, IV) Mature arbuscule and V) Collapsed arbuscule 
1.9.3 AMF interaction with medicinal plants 
AM symbiosis affects levels of active ingredients in medicinal plants both 
qualitatively and quantitatively (Ceccarelli et al. 2010; Zeng et al. 2013; Pedone-
Bonfim et al. 2015). As cited in the review of Zeng et al. (2013), the first report on 
effect of AMF on medicinal plant was reported by Wei and Wang (1989) on Datura 
stramonium. Since then the research in this field has grown and a comprehensive 
review of literature shows that AMF symbiosis promotes the production and 
accumulation of the active principle belonging to the class of terpenes, alkaloids, 
polyphenols, carotenoids and others in various medicinal plants.  
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Some of the recent examples AMF interaction with medicinal plant for the 
enhancement of their growth and biochemical ingredient includes reports by Orujei 
et al. (2013) and Liu et al. (2014) on Glycyrrhiza (anti inflammatory), Rozpadek et 
al. (2014) on Chicory (antioxidant), Singh et al. (2013) on Coleus (cardioprotective), 
Heydarizadeh et al. (2013) on Mentha (anti-inflammatory), Andrade et al. (2013) on 
Cathranthus (anticancer), Eftekhari et al. (2012) on Vitis (antioxidant),  Zubek et al. 
(2012a) on Hypericum (sedative), Zubek et al. (2012b) on Sage; Lavender and 
Lemon balm (antioxidant),  and many others. These studies clearly indicate the 
importance of mycorrhizal technology as an effective alternative for accumulation of 
secondary metabolite in medicinal plants and their significant role in sustainable 
agriculture development (Zubek et al. 2010; Pedone-Bonfim et al. 2015). Table 1.4 
shows assembled, analyzed and summarized data on the medicinally active 
ingredients that increased in concentration after mycorrhizal colonization in the 
leaves, fruits and roots of medicinal plants in various studies conducted in the last 
fifteen years.  As shown in the table below, various mycorrhizal species such as 
Glomus intraradices, Glomus caledonium, Glomus mosseae, Glomus fasciculatum, 
Scutellospora calospora, Gigaspora margarita, Acaulospora mellea, Sclerocystis 
sinuosa have been studied for enhanced production of secondary metabolites 
(essential oils, phenolics, terpenes, alkaloids, and anthraquinones) in in vivo 
conditions from medicinal plants. Increases in amount of several important medicinal 
compounds (as shown in the Table 1.4) such as camptothecin (anticancer), 
vincristine (anticancer), artemisinin (antimalarial), rosmarinic acid (anioxidant), 
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hypericin (antimicrobial) and many others after mycorrhizal interaction studies 
shows importance of mycorrhiza for enhanced production of these compounds. 
1.9.4 Mechanisms for promotion of secondary metabolites in medicinal plants 
after AM symbiosis 
The exact mechanism for increased or altered secondary metabolite content after 
mycorrhization is not known (Toussaint et al. 2007) and multiple reasons have been 
put forward for this observation. In summary, evidence shows that it may be due to 
several factors such as host, type of mycorrhizal inoculum, phosphorus transport, 
change in phytohormone levels, increased enzyme activity and/or induced 
cytological changes. 
That the increase in secondary metabolite prodcuction is dependent on mycorrhizal 
innoculum and plant used is evident from a study by Ceccarelli et al. (2010) where 
Glomus intraradices showed higher antioxidant potential and phenolic content in 
comparison to Glomus mosseae while in a different study by Toussaint et al. (2007) 
Glomus mosseae was found to increase rosmarinic and caffeic acid in comparison to 
Glomus intraradices. In a similar comparison between the before mentioned 
mycorrhizal innoculum, Dave et al. (2011) also found Glomus mosseae to increase 
more saponins than Glomus intraradices. Similarly, increase in metabolite content 
differs between mycorrhizal inoculm used was also shown by Copetta et al. (2006)  
and  Rasouli-Sadaghiani et al. (2010) in Ocimum basilicum, Chaudhary et al. (2008) 
in Artemisia annua and Jurkiewicz et al. (2010) in Arnica montana. 
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Table 1.4. Effects of AM colonization on the content of secondary metabolites of medicinal plants grown in the 
green house and under field condition. 
Plant Plant part/ 
Class of 
compound 
Mycorrhizal 
cultures 
Compound Days/ 
Years 
Increase 
(in multiples) 
References 
Cucumis sativus  
 
Root/  
Triterpenoids 
Glomus  
caledonium 
Bryonolic acid  
2β Hydroxybryonolic 
acid  
3β Bryoferulic acid 
56 1.78 
3.88 
 
 
Akiyama and 
Hayashi 2002 
Root/  
Triterpenoids 
Glomus  
mosseae 
Bryonolic acid  
2β Hydroxybryonolic 
acid  
3β Bryoferulic acid  
56 2.14  
6.83 
 
9.8 
Akiyama and 
Hayashi 2002 
Coriandrum sativum 
 
Fruits/  
Essential oil 
Glomus 
macrocarpum 
 
α Pinene 
β Pinene 
p Cymene 
Geraniol 
β Caryophyllene 
Till 
flower- 
ing 
1.5 
1.3 
3.8 
5.08 
1.53 
Kapoor  et al. 
2002a 
Fruits/  
Essential oil 
Glomus 
 fasciculatum 
α Pinene 
β Pinene 
p Cymene 
δ Linalool 
Geraniol 
β Caryophyllene 
Till 
flower- 
ing 
8 
1.5 
1.2 
1.09 
1.34 
Kapoor et al. 
2002a 
Anethum graveolens Fruits/ 
Essential oil 
Glomus 
macrocarpum 
 
 
Limonene 
Dihydrocarvone 
Carvone 
105 1.76 
2.1 
2.1 
 
 
Kapoor et al. 
2002b 
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Trachyspermum 
ammi 
Fruits/  
Essential oil 
Glomus  
fasciculatum 
Thymol 105 1.5 Kapoor et al. 
2002b 
Foeniculum vulgare Fruits/  
Essential oil 
Glomus  
fasciculatum 
Cis anethol 
 
105 3.1 Kapoor et al. 
2004 
Coleus forskohlii. 
 
Whole plant/ 
Alkaloid 
Glomus 
bagyarajii 
Forskohlin 150 2.5 Sailo and 
Bagyaraj 2005 
Whole plant/ 
Alkaloid 
Scutellospora 
calospora 
Forskohlin 150 2.1 Sailo and 
Bagyaraj 2005 
Origanum. vulgare 
var. Cona 
Leaves/ 
Essential oil 
Glomus 
mosseae 
Total Essential oil 
 
72 10 Khaosaad  
et al. 2006 
Origanum vulgare 
ssp. hirtum Kalitera 
Leaves/ 
Essential oil 
Glomu 
mosseae 
Total Essential oil  72 3 Khaosaad et al. 
2006 
Origanum vulgare 
b13/2 
Leaves/ 
Essential oil 
Glomus 
mosseae 
Total Essential oil  72 2 Khaosaad et al. 
2006 
Ocimum basilicum Shoot/  
Phenolics 
Glomus  
caledonium 
Rosmarinic acid 49 ̴2 Toussaint et al. 
2007 
Shoot/  
Phenolics 
Glomus 
mosseae 
Caffeic acid 49 ̴2.4 Toussaint et al. 
2007 
Ocimum basilicum 
var. Genovese 
 
Leaves/ 
Essential oil 
Gigaspora 
rosea  
 
Bornil acetate 
δ cadinene 
Methyl eugenol 
63 
 
2 
̴2.6 
4 
Copetta et al. 
2007 
 
 
 
Leaves/ 
Essential oil 
Gigaspora 
margarita  
 
Bornil acetate 
δ cadinene 
Methyl eugenol 
63 ̴1.4 
̴3.3 
̴55 
Copetta et al. 
2007 
Artemisia annua Leaves/ 
Terpenoids 
Glomus spp.  Limonene 85 25 Rapparini et al. 
2008 
Camptotheca 
acuminata 
Roots/ 
Alkaloids 
 
 
Glomus  
diaphanum 
Acaulospora 
mellea 
 
Camptothecin 90 1.8 
 
1.8 
 
 
Zhao  et al. 
2007 
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Sclerocystis  
sinuosa 
1.6 
 Leaves/ 
Alkaloids 
 
Glomus  
diaphanum 
Acaulospora 
mellea 
Sclerocystis  
sinuosa 
Camptothecin 90 1.2 
 
1.3 
 
1.1 
Zhao et al.  
2007 
 Whole plants/ 
Alkaloids 
Glomus  
diaphanum 
Acaulospora  
mellea 
Sclerocystis 
sinuosa 
Camptothecin 90 1.3 
 
1.3 
 
1.1 
Zhao et al., 
2007 
Ocimum basilicum Root/  
Phenolics 
Glomus 
mosseae 
Rosmarinic acid 35 1.5 Toussaint et al. 
2008 
Zingiber officinale Rhizome (in 
vitro grown 
plant)/ Essential 
oil 
Scutellospora 
heterogama  
 
Gigaspora  
decipiens  
Oleoresin 210 3.6 
 
 
1.6 
Da Silva et al. 
2008 
 
 
Trifolium partense Leaves and roots 
/Isoflavsones 
Glomus  
mosseae 
Biochanin A 
 
112 ̴1 
̴1 
Khaosaad et al. 
2008 
Artemisia annua  
 
Leaves/ 
Essential oil 
Glomus 
fasciculatum 
Essential oil 84 66% Chaudhary et 
al. 2008 
 
Leaves/ 
Terpenoids 
 
Glomus 
fasciculatum 
 
Artemisinin 
 
84 
 
110% 
 
Chaudhary et 
al. 2008 
Azadirachta indica Seeds/ 
Terpenoids 
Glomus 
fasciculatum 
Azadirachtin 5 years ̴1.5 Venkateswarlu 
et al. 2008 
 
Chapter 1 
48 
 
Valeriana officinalis 
 
In vitro 
propagated Root 
and rhizome/ 
Sesquiterpenic 
Acid 
Glomus 
 mosseae  
 
 
 
Sesquiterpenic Acid 180 >1 time Nell et al.  
2010 
Echinacea purpurea 
 
Shoot/ 
Phenolics 
Glomus  
intraradices 
Total phenolics 91 1.7 Araim  et al. 
2009 
Root/  
Phenolics 
 
Glomus  
intraradices 
Chicoric acid  
Caftaric acid  
Chlorogenic acid,  
Cynarin 
91 
 
1.5 
1.7 
 2.6 
1.3 
Araim et al. 
2009 
Ocimum basilicum 
Purple petra 
 
Leaves/  
Anthocyanin 
Glomus 
 intraradices 
Total anthocyanin 
 
112 ̴1.4 Lee and Scagel 
2009 
Leaves/ 
Phenolics 
Glomus  
intraradices 
 
Total phenolics 
Rosmarinic acid 
112 1.2 
1.1 
Lee and Scagel 
2009 
Stem/ Antho- 
cyanin 
Glomus  
intraradices 
 
Total anthocyanins 112 1.1 
 
Lee and Scagel 
2009 
Stem/ Phenolics Glomus  
intraradices 
Total phenolics 
Rosmarinic acid 
112 1.1 
̴1.3 
Lee and Scagel 
2009 
Salvia officinalis  
 
Root/  
Phenolics 
Glomus  
mosseae 
Total phenolics 120 1.9 Nell et al., 
 2009 
Root/  
Phenolics 
Glomus  
intraradices 
Total phenolics 120 1.5 Nell  et al. 
2009 
Root/  
Phenolics 
Symbivit 
 
Rosmarinic acid 120 2 Nell  et al. 
2009 
 Root/  
Phenolics 
Glomus 
mosseae 
Rosmarinic acid 120 1.6 
 
 
 
Nell et al.  
2009 
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Root/ 
Phenolics 
Glomus 
intraradices 
Rosmarinic acid 120 2.4 Nell  et al. 
2009 
Catharanthus roseus Leaves/ 
Alkaloids 
Glomus  
mosseae 
Vincristine,  
vinblastine,  
catharanthine,  
vindoline 
90 1.3 
1.1 
1.4 
1.5 
Ratti et al.  
2010 
Ocimum basilicum Leaves/ 
Essential oil 
Glomus  
intraradices 
Methyl chavicol 84 2.4 Rasouli-
Sadaghiani  
et al. 2010 
Leaves/ 
Essential oil 
Glomus 
fasciculatum 
Methyl chavicol 84 2.0 
 
Rasouli-
Sadaghiani  
et al. 2010 
Leaves/ 
Essential oil 
Glomus  
etunicatum 
Methyl chavicol 84 2.4 Rasouli-
Sadaghiani  
et al. 2010 
Cynara cardunculus 
L. var. scolymus 
 
 
Leaves/ 
Phenolics 
Glomus  
intraradices 
Total phenolic content 90 ̴1.5  Ceccarelli et 
al. 2010 
Leaves/ 
Phenolics 
Glomus 
Mix 
Total phenolic content 90 ̴1.5 Ceccarelli et 
al. 2010 
Arnica montana Roots/ 
Sesquiterpene 
lactones 
Glomus 
intraradices 140 
Sesquiterpene 
 Lactone 
Nd 1.3 Jurkiewicz et 
al. 2010 
 Roots/ 
Phenolics 
Glomus  
intraradices 24 
Phenolics Nd 2.3 Jurkiewicz  
et al. 2010 
 Roots/ 
Phenolics 
Glomus  
intraradices 140 
Phenolics Nd 1.8 Jurkiewicz  
et al. 2010 
 Shoots/ 
Phenolics 
Glomus  
intraradices 24 
Phenolics Nd 1.2 Jurkiewicz  
et al. 2010 
Inula ensifolia Roots/ 
Terpenoids 
 
Glomus  
Clarum 
Thymol derivatives 
Compound 1 
Compound 2 
240 1.3 
1.5 
Zubek et al. 
2010 
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Chlorophytum 
borivilianum 
 
Roots/ 
Saponin 
Glomus 
mosseae  
Saponin 270 5-fold Dave et al., 
2011 
Roots/ 
Saponin 
Glomus 
intraradices 
Saponin 270 4.7 Dave et al., 
2011 
Mentha viridis 
 
 
Leaves/ 
Essential oil 
 
Glomus 
etunicatum M6 
 
Essential oil 
Limonene 
Eugenol 
2 years 
 
1.82 
̴2.6 
̴2.8 
Karagiannidis  
et al. 2011 
 
Origanum onites Leaves/ 
Essential oil 
Glomus 
etunicatum M6 
 
 
Essential oil 
α Terpinene 
ϒ Terpinene 
Terpinen-4-ol 
2 years 2.6 
3.5 
1.2 
5 
 
Karagiannidis  
et al. 2011 
Catharanthus roseus 
 
Leaves/ 
Phenolics 
Glomus spp 
 
Total phenolics 
 
75 2.2 De la Rosa-
Mera et al. 
2011 
Leaves/ alkaloid Glomus spp Vinblastine 75 ̴1.6 De la Rosa-
Mera et al. 
2011 
Vitis vinifera 
 
Leaves/ 
Phenolics 
 
Glomus 
intraradices  
Total phenolics 270 1.1 Eftekhari et al. 
2012 
Leaves/ 
Phenolics 
 
Glomus 
fasciculatum  
Total phenolics 270 1.0 
 
Eftekhari et 
al. 2012 
 
Leaves/ 
Phenolics 
 
Mixed strain  
Control  
Total phenolics 270 
 
1.2 
 
Eftekhari et 
al. 2012 
Root/ phenolics Glomus 
fasciculatum 
Mixed strain 
Quercetin 
 
 
 
270 1.0 
1.1 
 
Eftekhari et 
al. 2012 
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Vitis vinifera 
Shahroudi variety 
Root/ phenolics Glomus  
mosseae 
Quercetin 270 ̴5 Eftekhari et 
al. 2012 
 
Hypericum 
perforatum 
 
Shoots/ 
Anthraquinones 
Rhizophagus. 
intraradices 
Hypericin 120 ̴1.6 Zubek et al., 
2012a 
Shoots/ 
Anthraquinones 
AMF mix 
 
Hypericin  
 
120 ̴1.6 
 
Zubeket al., 
2012a 
Shoots/ 
Anthraquinones 
AMF mix 
 
Pseudohypericin 120 ̴1.4 Zubek et al. 
2012a 
Coleus forskohlii. Tubers/  
Alkaloid 
Glomus  
fasciculatum 
Forskohlin 140 ̴1.5 Singh et al., 
2013 
Stevia rebaudiana 
 
Leaves / 
Steviol 
glycosides 
Rhizophagus 
fasciculatus 
Stevioside  
 
90 2.2 Mandal  et al. 
2013 
Leaves / 
Steviol 
glycosides 
Rhizophagus 
fasciculatus 
Rebaudioside-A. 90 1.8 Mandal  et al. 
2013 
Catharanthus roseus Leaves/ 
Alkaloids 
Glomus  
etunicatum  
Catharanthine,  
Ajmalicine  
112 ̴1.4 
2.2 
Andrade  et al. 
2013 
 
Nicotiana tabacum Leaves/ 
Alkaloids 
Glomus  
intraradices 
Nicotine 
 
90 ̴1.1 Andrade et al. 
2013 
Viola tricolor Shoot and root/ 
Phenolics  
Rhizophagus 
irregularis BEG14 p-hydroxybenzoic acid 90 
1.3 
 
Zubek et al. 
2015 
Artemisia annua Leaf/ 
Terpenoids 
Rhizopahgus. 
intraradices. 
Artemisinin 33 ̴1.6 Mandal et al. 
2014 
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Improvement in the absorption of mineral nutrients such as phosphorus and nitrogen 
are also explained as possible reasons for enhanced production of secondary 
metabolites in studies of Kapoor et al. (2002a, 2002b). Different views exist in 
support of P absorption as the sole reason for increases in secondary metabolite 
content in mycorrhized plants. In a study on fennel plants with phosphate treatment 
and Glomus mosseae, similar levels of essential oils were found in AMF and 
phosphate treated plants. The highest increase in essential oil level was found when 
both AMF and phosphate were used together which showed that P nutrition may play 
a direct role in increasing the contents of secondary metabolites (Kapoor et al. 2004). 
Similarly in Salvia officinalis, a 1.2 fold increase in phenolic and RA content was 
obtained in full phosphorus treatment in comparison to half P and AMF treatment 
(Nell et al. 2009). However, a contrasting report of no effect of phosphorus in 
valeriana plants was reported by the same author (Nell et al. 2010) showing that 
phosphorus is not the sole reason for metabolite increases. Furthermore, studies by 
Khaosaad et al. (2006), Kapoor et al.  (2007), Toussaint et al. (2007) and Chaudhary 
et al. (2008) showed that improved phosphorus transport is not the only reason for 
increased secondary metabolite content but also depends on the mycorrhizal 
association. 
Another potential reason for increased secondary metabolite production is a change 
in phytohormone levels after mycorrhization (Copetta et al. 2006; Kapoor et al. 
2007; Toussaint et al. 2007, Mandal et al. 2013). Increases in the number of 
glandular trichomes due to changed phytohormone levels was correlated with 
enhanced essential oil content in basil (Copetta et al. 2006) and artemisinin content 
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in artemisia (Kapoor et al. 2007). Similarly, in recent studies jasmonic acid 
production was found to be positively correlated with a higher number of glandular 
trichomes and artemisinin and steviosides and rebaudiosides content in Rhizophagus 
fasciculatus colonized plants of stevia and Rhizophagus intraradices colonised plants 
of artemisia (Mandal et al. 2013; Mandal et al. 2014).  
Mycorrhization also affects enzyme activity. For example, increases in the level of 
phenolics after mycorrhization is related to temporal and spatial activation of plant 
defense mechanism (Andrade et al. 2013). Specifically enzymes such as chalcone 
synthase (CHS) and phenylalanine ammonia-lyase (PAL) have been also identified 
after mycorrhization (Zhang et al. 2013) for their increased activity. Other than 
enzyme activity, increases in phenolic content were also found to depend on the 
production level of signaling molecules such as hydrogen peroxide (H2O2), Salicylic 
acid (SA) and Nitric oxide (NO) (Zhang et al. 2013). In an another study AMF were 
not only found to increase PAL, glucose-6-phosphate dehydrogenase and shikimate 
dehydrogenase activity but to also increase the expression of genes involved in the 
regulation of the phenylpropanoid pathway (Chen et al. 2013).  
Cytological changes induced due to mycorrhization of the host plant may also 
explain increased metabolite production. Mycorrhization induces increases in the 
number of plastids and mitochondria in the host cell which activates the tricarboxylic 
cycle and plastid biosynthetic pathways and finally production of primary and 
secondary metabolites (Lohse et al. 2005). Furthermore, increase in primary and 
secondary metabolite content after mycorrhization has been found to be related to 
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increase in photosynthetic activity and activation of the Calvin cycle (Kaschuk et al. 
2009). 
Thus, AM fungi can be identified as an organic alternative for increasing metabolite 
yield when medicinal plants are grown under greenhouse conditions. Furthermore, it 
opens up the possibility of mimicking this symbiotic relationship in vitro for 
enhancement of root derived medicinal compounds. A co-culture of root and 
mycorrhiza would also provide further understanding of the mechanisms for such 
responses and the tantalising prospect of the application of a co-culture system for 
industrial scale up. 
1.10 Plant selection 
There has been a large increase in the number of research articles on the biological 
activities of rosmarinic acid in the last decade which has shown RA to be a strong 
candidate for therapeutic measures and underlies the importance of identification of 
appropriate plant resources for its extraction. RA production is known in a wide 
range of plant species including rosemary, sage, melissa, thyme, coleus, mentha, 
lemon balm and basil. Prior to commencement of the current study these species 
were evaluated on the basis :1) geographical distribution, 2) presence of RA in their 
roots, 3) hairy root induction studies 4) reports on mycorrhizal symbiosis and 5) 
impact of mycorrhizal symbiosis on RA amount. Among all the above mentioned 
Lamiaceae members, Ocimum basilicum was found to have a worldwide 
geographical distribution representing great diversity and higher RA levels. Ocimum 
basilicum was selected for my study as RA was reported to be the dominant 
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metabolite in the basil extracts (Javanmardi et al. 2002), and higher amount was 
found in roots in comparison with aerial parts (Bais et al. 2002). There were only two 
reports on hairy root induction studies for RA production (Tada et al. 1996, Bais et 
al. 2002) and only four reports (Toussaint et al. 2007; Toussaint et al. 2008; Lee and 
Scagel 2009; Scagel and Lee 2012) on the impact of mycorrhizal symbiosis on RA 
content. 
Ocimum basilicum is a member of family Lamiaceae. It is also referred to as “King 
of the herbs” (Makri and Kintzios 2008). It originated from tropical and subtropical 
Asia and is widely used as a medicinal, culinary and ornamental herb. Economically, 
it is used in pharmaceuticals, cosmetics and food industries (Makri and Kintzios 
2008). O. basilicum shows high diversity with different morphological traits 
(Javanmardi et al. 2002; Carovic-Stanko et al. 2011), volatile oil composition (Labra 
et al. 2004; Carovic-Stanko et al. 2010) and phenolic content (Javanmardi et al. 
2002; Kwee and Niemeyer 2011). Thus, O. basilcum was selected because it 
produces RA, is a less explored species in terms of hairy roots and is known to form 
symbioses with arbuscular mycorrhizal fungi.    
1.11 Conclusion 
This chapter clearly identified roots as a primary source of medicinally important 
compounds and that roots commonly form symbiotic relationship with AMF. 
Further, elicitation of medicinally important secondary metabolites after mycorrhizal 
symbiosis is well reported in plants grown in greenhouse and under field conditions 
while no similar study is reported in vitro. Application of hairy roots for mycorrhizal 
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ontogenesis, production of axenic cultures and mycorrhizal mass production is well 
known but the effect of this symbiotic relationship on the content of medicinally 
important secondary metabolites in the colonized roots is not explored. Thus, 
development of a co-culture system to explore the potential of mycorrhizae as an 
elicitor was the main aim of the current study. RA was selected as the targeted 
metabolite because of its diverse biological activities and potential market value.  
1.12 Objectives of the thesis 
The research presented in this thesis investigates the potential and utility of 
mycorrhizal symbiosis for biotic elicitation of rosmarinic acid in hairy roots of O. 
basilicum and use of the developed co-cultures for the green extraction methodology 
development. A systematic approach of i) cultivars selection, ii) their hairy root 
development and selection iii) followed by co-culture development for elicitation 
studies and iv) use of the selected mycorrhized hairy root lines for green extraction 
method development was followed. To evaluate the antioxidant potential of the 
plants, hairy roots and mycorrhized root extracts, an antioxidant assay was also 
developed and applied. The thesis is composed of five experimental chapters which 
in themselves contain the objectives of the thesis and are outlined as below: 
Chapter 2: Phytochemical screening of Ocimum basilicum cultivars using a 
novel in vitro and conventional pot system. O. basilicum shows high genetic and 
biochemical diversity showing the importance of selection of cultivars for production 
of the targeted metabolite, rosmarinic acid.  The chapter discusses the importance 
and utility of the developed in vitro system for screening and selection studies of O. 
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basilicum. This chapter also discussed the merits of the developed in vitro system 
over conventionally used pot system for bioprospecting studies. 
Chapter 3: Establishment, cultivation and optimization of hairy root lines 
derived from the selected cultivars of Ocimum basilicum for production of 
rosmarinic acid. This chapter focused on the development of hairy root cultures 
from the selected cultivars of O. basilicum for rosmarinic acid production. The 
developed hairy root lines were characterized for their morphological and 
biochemical diversity. Morphological diversity among the developed root lines was 
correlated with the presence of aux genes and endogenous auxin content. The 
developed hairy root lines were further screened and selected on the basis of high 
RA content and morphological and cultivar variability for co-culture development 
and mycorrhizal elicitation studies in vitro. 
Chapter 4: Evaluation of mycorrhiza as an elicitor for rosmarinic acid in a co-
culture system with hairy roots of Ocimum basilicum. The aim of this chapter was 
to develop a co-culture between the selected transformed hairy root lines of O. 
basilicum and two different species of mycorrhiza for the first time in vitro. 
Dynamics of mycorrhizal symbiosis in the developed co-cultures was studied using 
basic and advanced microscopical techniques. Rhizohagus irregularis isolate 1 was 
selected to identify the potential of mycorrhiza as an elicitor in in vitro system and 
reason for increased metabolite content was also identified in this study. Highly 
colonized and high RA producing root line was selected from this chapter. 
 
Chapter 1 
58 
 
Chapter 5: Development of green extraction methodology for rosmarinic acid 
from mycorrhized hairy roots without affecting mycorrhizal and root viability. 
For the utilization of the selected mycorrhized hairy root cultures as a continuous and 
viable resource of RA with mycorrhizal and root viability maintained, this chapter 
focused on screening of various green extraction methodologies and identified the 
various alternatives which can be used for nondestructive method development in 
future.  
Chapter 6:  Acidic potassium permanganate chemiluminescence assay for the 
assessment of antioxidant potential in Ocimum basilicum. O. basilicum is a rich 
source of antioxidant molecules. This chapter targeted development of novel 
antioxidant assay for different samples of O. basilicum. It describes the first use of 
acidic potassium permanganate assay for assessment of antioxidant potential in 
different samples of O. basilicum.  
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Chapter 2: Phytochemical screening of Ocimum basilicum 
cultivars using a novel in vitro and conventional pot system  
The research presented in this chapter has been published in a research article: 
Srivastava, S., Cahill, D.M., Conlan, X.A., and Adholeya, A. (2014). A novel in 
vitro whole plant system for analysis of polyphenolics and their antioxidant 
potential in cultivars of Ocimum basilicum. Journal of Agricultural and Food 
Chemistry 62, 10064-10075. Impact factor: 3.107. Adholeya, A. and Cahill, D.M. 
conceived the project and provided comments on all drafts of the manuscript; 
Conlan, X.A. provided technical expertise on total antioxidant and individual 
antioxidant chemiluminescence analysis and comments on early drafts of the 
manuscript; Srivastava, S. designed and carried out all the experiments, analyzed the 
results, prepared all the figures and tables and drafted the manuscript. 
2.0 Abstract 
Plants are an important source for medicinal compounds.Their screening and 
selection is critical for identification of compounds of interest. Ocimum basilicum 
(Basil) is a rich source of polyphenolics and exhibits high diversity, therefore 
bioprospecting of a suitable cultivar is a necessity. This study reported on the 
development of a true to type novel “in vitro system” and its comparison with a 
conventional pot system for screening and selection of cultivars against total 
phenolics and individual polyphenolics content. Cultivar specific composition of 
polyphenolics was identified in this study. Further, a distinct relationship between 
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plant morphotype and polyphenolic content was also found. Of the 15 cultivars 
examined, “Holy Green”, “Red Rubin”, and “Basil Genovese” were identified as 
high polyphenolic and rosmarinic acid producing cultivars while “Subja” was 
determined to be a low producer. The “in vitro system” enabled differentiation of the 
cultivars in their morphology and polyphenolic content and is a cheap and efficient 
method for bioprospecting studies. 
2.1 Introduction 
Phytochemical screening is a pre-selection step and can be defined as systematic 
assessment of plants against biologically important chemical moieties for 
biotechnological studies or commercial production. Screening for phytochemicals 
follows two main strategies: direct sampling of plants collected from wild 
(Gobalakrishnan et al. 2013) or local markets (Lee and Scagel 2009; Lee 2010) or 
collection of the seeds or plants from their geographical locations and growing them 
either in a green house (Del Bano et al. 2003; Kwee and Niemeyer 2011) or in the 
hydroponic systems (Sgherri et al. 2010; Kiferle et al. 2011). Both strategies have 
disadvantages of loss of elite plant species from natural vegetation and alteration in 
secondary metabolite profile due to variable growth conditions (Treutter 2006; 
Nguyen et al. 2010) thereby, raising the need to develop a system that is true to type, 
effective and enables reproducible plant screening.  
Polyphenolics having pharmaceutical value are a major class of secondary 
metabolites found in the members of family Lamiaceae. This family includes herbs 
such as rosemary, salvia, melissa, thyme and basil, the aerial parts of which are 
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reported to be rich sources of polyphenolics for example, rosmarinic, caffeic, 
urosolic, chicoric and salvianolic acids (Zgorka et al. 2001; Tepe et al. 2007; Park 
2011).These herbs have been extensively studied for their polyphenolic composition 
(Del Bano et al. 2003) and content both in the conventional as well as in the in vitro 
systems such as tissue culture and hairy root culture (Karam et al. 2003). Ocimum 
basilicum has been less investigated in the in vitro (tissue culture and hairy root 
culture) in comparison to other Lamiaceae members making it a potential lead plant 
for polyphenolic studies. 
Ocimum basilicum (Basil) is referred to as “king of the herbs” and was sourced 
originally from tropical and subtropical Asia for its medicinal, culinary and 
ornamental properties.  This herb is grown economically worldwide for its use in 
pharmaceuticals, cosmetics and in the food industry (Makri and Kintzios 2008). 
Biologically, it shows antibacterial, antithrombotic, antioxidant, anti-inflammatory 
and antihypertensive activities (Javanmardi et al. 2002; Jayasinghe et al. 2003, 
Hussain et al. 2008; Umar et al. 2010; Carovic-Stanko et al. 2010; Umar et al. 2014). 
Breeding and hybridization techniques are practiced for cultivation of O. basilicum 
and are the major reason for its high genetic diversity of 65 - 150 cultivars with 
different morphological traits (Javanmardi et al. 2002; Carovic-Stanko et al. 2011), 
volatile oil composition (Labra et al. 2004; Carovic-Stanko et al. 2010) and phenolic 
content (Javanmardi et al. 2002; Kwee and Niemeyer 2011). 
Rosmarinic (RA), chicoric (ChA) and caffeic (CA) acids are the main polyphenolics 
found in O. basilicum (Javanmardi et al. 2002; Lee and Scagel 2009; Kwee and 
Niemeyer 2011). Of these polyphenolics, rosmarinic acid is the most abundantly 
Chapter 2 
62 
 
found polyphenolic acid.  Rosmarinic acid is reported to have antioxidant, anti-
inflammatory, neuroprotective, hypoglycemic and antiproliferative properties 
(Petersen and Simmonds 2003; Azevedo et al. 2011; Bulgakov et al. 2012, Tai et al. 
2012; Braidy et al. 2014) and is found in a number of commercial products such as 
NeurexTM, PersenTM, AquaroxTM  28 (Peev et al. 2011). 
Chicoric acid (dicaffeoyltartaric acid) found as a major metabolite in echinacea and 
chicory (Lee and Scagel 2009; Lee 2010; Lee and Scagel 2013) is also known to 
have antioxidant, anti-inflammatory, antiviral and hypoglycemic activity (Lee and 
Scagel 2009; Lee 2010; Schlernitzauer et al. 2013; Casanova et al. 2014). Extracts of 
Echinacea, a rich source of chicoric acid are widely used as a dietary supplement 
showing the great market potential of natural products and the need for identification 
of new plant sources. Recently, O. basilicum has been identified to be an alternative 
and less expensive source of chicoric acid (Lee and Scagel 2009; Lee 2010; Lee and 
Scagel 2013). 
There are studies on O. basilicum that have reported the collection, screening and 
identification of the cultivars that have high yields of rosmarinic, chicoric, caffeic 
and caftaric acids and high antioxidant potential (Javanmardi et al. 2002; Jayasinghe 
et al. 2003; Lee and Scagel 2009; Koroch et al. 2010; Kwee and Niemeyer 2011).  
Effects of light (Shiga et al. 2009), nutrients (Nguyen et al. 2010) and 
mycorrhization (Toussaint et al. 2008; Lee and Scagel 2009; Scagel and Lee 2012) 
on polyphenolics profile of basil have also been studied. These studies have been 
carried out using conventional pot (CP system) grown plants in the greenhouse 
(Javanmardi et al. 2002, Jayasinghe et al. 2003, Lee and Scagel 2009, Koroch et al. 
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2010, Kwee and Niemeyer 2011; Scagel and Lee 2012) or in hydroponic systems 
(Sgherri et al. 2010; Kiferle et al. 2011). Several studies also report collection of 
plants from wild or market bought samples for polyphenolics study (Lee and Scagel 
2009; Lee 2010). For the screening of large and diverse collection of cultivars of O. 
basilicum, use of a conventional pot system as a screening platform is a large, 
cumbersome and voluminous technique requiring high cost and physical operations. 
Therefore, a system which can be managed in less space and observed throughout 
with possible visibility of root system (the focus of the study), as not the case in 
conventional pot system is needed for screening studies of O. basilicum. 
This study developed a new “in vitro” true to type (as offspring plants raised are 
phenotypically and metabolically similar to the parent plant) system for plant growth 
in controlled environment for morphotyping, screening and selection of the high 
yielding cultivars of O. basilicum for three marker compounds rosmarinic, chicoric 
and caffeic acids (referred as polyphenolics in this chapter). The developed in vitro 
system was compared with conventional system (CP system) currently used in plant 
science for screening and selection studies to identify the difference and its 
advantages. 
2.2 Materials and Methods 
2.2.1 Plant material 
Seeds of fifteen different O. basilicum cultivars from five different countries (India, 
Germany, Spain, United States of America and Australia) were used in this study for 
representation of geographical variability and chemical diversity. Seeds were 
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purchased from seed suppliers and research institutes. The seeds of each cultivar 
were tested for viability by first washing with 0.1 % (v/v) Tween 20 (Sigma, 
Bangalore, India) for 3 min, then with tap water to remove excess detergent, 
followed by surface sterilization with 0.01 % HgCl2 (Sigma, Bangalore, India) two 
times for 2 min followed by washing with sterile distilled water three times. The 
surface sterilized seeds were then placed on Murashige and Skoog medium (MS) 
media within 90 mm diameter Petri plates (25 seeds in each plate). The plates were 
then incubated in the dark in a plant growth room at 25 ± 2°C at 60 % relative 
humidity. After 10 - 20 d the percentage germination for each seed lot was 
determined and seed lots were characterized on the basis of germination percentage 
as high (70 - 100 %), medium (31 - 69%), low (21-30 %) and very low or nil (0 - 20 
%).  
2.2.2 In vitro system 
An in vitro (true to type) whole plant system was developed as described. The MS 
(Murashige and Skoog 1962) medium in 90 mm diameter Petri dishes (Tarsons, New 
Delhi, India) was used as the plant growth substrate. MS medium  was prepared by 
dissolving KNO3 (0.37 M), NH4NO3 (0.41 M), MgSO4.7H2O (0.06 M), KH2PO4 
(0.02 M), CaCl2.2H2O (0.08 M), MnSO4.4H2O (0.01 M), ZnSO4.4H2O (0.04 M), 
H3BO3 (0.01 M), KI (4.81×10-4 M), Na2MoO4 (1.21×10-4 M), CuSO4.5H2O 
(1.57×10-5 M), CoCl2.6H2O (1.93×10-3 M), Na2EDTA (0.01 M), FeSO4. 7H2O (0.01 
M) (all from Merck, Mumbai, India), glycine (0.002 M), nicotinic acid (4.06×10-4 
M), pyridoxine hydrochloride (2.95×10-4 M), thiamine hydrochloride (2.96×10-5 M)  
and myoinositol  (0.05 M) in one litre of distilled water with 2.5% phytagel (all from 
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Sigma Aldrich, St. Louis, MO) and the pH was maintained at 5.8. The prepared 
medium was then autoclaved at 121°C, 15 psi for 15- 20 mins. 
To enable plant growth from the sterile substrate a hole was made in the lid of the 
dish using a preheated forcep. A germinated seedling at the two leaf stage was 
transferred, using forceps and inserted leaf first through the hole in the lid of the petri 
plate that had been removed from the base. The lid containing the inserted seedling 
was then gently placed back on the base which contained the MS medium so that 
root was in contact with the medium. After successful transfer any space around the 
stem was sealed with sterile silicone grease and was sealed using a parafilm 
(Parafilm, Tarsons, New Delhi, India). The Petri dish containing a seedling was 
placed on a flat bench and then the plate was covered with a black paper (110 mm) 
sheet that had a hole in the centre from which the stem emerged (Figure 1a). The 
black sheet was used to minimise light incidence on the developing root system. The 
same steps were repeated for each of the 15 cultivars that were arranged in a 
completely randomized block design with three replicates for each. The plants were 
grown under controlled conditions at 25 ± 2 °C under cool white fluorescent lights 
having a photosynthetic photon flux density of 100 - 120 μM m-2s-1 for a photoperiod 
of 16 h light and 8 h dark with 60 % humidity.  
2.2.3 Conventional plant system (CP system) 
For comparison with the in vitro whole plant growth system, a conventional pot 
experimental system was also set up.  For this purpose, seeds were surface sterilized 
using the procedure previously described and then sown in trays in sterilized 
commercially obtained soil (Loess soil) mixed with absorbent granules (TERRA-
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GREEN, Greenscape Aeration Company, Atascadero, Canada) and kept in the dark. 
After germination one seedling at the two leaf stage was transferred to a 5 kg black 
plastic pot containing the soil: granule mix. The experiment was set up with all 
cultivars with three replicates each in a completely randomized block design in a 
greenhouse at 25 – 28 °C.  The plants were watered to pot capacity on a daily basis 
and fertilized fortnightly with Hoagland solution (Hoagland and Arnon 1938). 
2.2.4 Plant harvesting, morphotyping and lyophilization 
Plants were grown to maturity in both the systems and examined for variation in 
aerial morphology. The morphology of each cultivar was classified according to the 
traits used by Carovic-Stanko et al. (2011) who used the morphological traits 
developed by the International Union for the Protection of New Varieties of Plants 
for O. basilicum L. (UPOV 2003). Plant height and internodal distance was 
measured on harvested plants from the base of the stem to the apical bud using a 
standard millimeter scale. After harvest, samples were lyophilized (Labconco 
lyophilizer, Kansas City, U.S.A.) at -94.3 °C and 141 KPa for 48 hr. 
2.2.5 Optimization of extraction protocol 
Rosmarinic acid was the targeted metabolite of this study. Extraction method was 
developed for its optimal extraction from O. basilicum. For optimization of the 
extraction protocol, lyophilized and powdered aerial parts of B13, five different 
percentages of ethanol (Merck, Kilsyth, Australia) in distil water (20, 40, 60, 80 and 
100 %) and three different processes namely homogenization, waterbath assisted 
sonication and ultrasonication were studied.  
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For homogenization assisted extraction, 50 mg of plant material was added to a 
mortar and slowly homogenized in 500 μL of different percentages of ethanol till 
uniform slurry was formed. Later to the mortar 24.5 mL of respective percentage of 
ethanol was added and transferred to a test tube. The mixture was then incubated in 
dark for 12 h. After incubation, the extracts were centrifuged (HeraeusTM BiofugeTM 
StratosTM Centrifuge, Buckinghamshire, England) and final volume was made to 25 
mL in volumetric flasks and samples were used for HPLC analysis. 
In waterbath assisted extraction, 50 mg of plant material was first homogenized in 
500 μL of different percentages of ethanol. To homogenized plant material 14.5 mL 
of ethanol (respective percentage) was added and then sonicated in a waterbath 
sonicator (B3510E-DTH, Branson Ultrasonics, Danbury, U.S.A.) for 10 min at 25°C, 
followed by centrifugation at 10,000 rpm for 5 min (HeraeusTM BiofugeTM StratosTM 
Centrifuge, Buckinghamshire, England). The supernatant was collected, transferred 
to 25 mL volumetric flask and pellet was re-extracted in 10 mL of ethanol 
(respective percentage) for 5 min. After second cycle of sonication, the solution was 
centrifuged and supernatant was added to previous fraction in the volumetric flask. 
Final volume was made to 25 mL and sample was used for HPLC analysis.  
Similar to above two processes, 50 mg of plant material was homogenized in 500 μL 
of ethanol (respective percentage) and to the ground material 24.5 mL of ethanol was 
added in a test tube and ultrasonicated.  Ultrasonication assisted extraction was 
performed using  a probe attached ultrasonicator (20 KHz, Sonics Vibra- CellTM, 
Ultrasonic Processor, Newtown, U.S.A.) with pulse rate of 1 seconds and 15 min 
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sonication. After ultrasonication, final volume of the samples was made to 25 mL in 
a volumetric flask and then used for HPLC analysis. 
2.2.6 Extraction for total phenolics and individual polyphenolics  
For total phenolics, individual polyphenolics (rosmarinic chicoric and caffeic acids), 
50 mg of lyophilized plant material (aerial and root) was homogenized separately in 
500 μL of 60 % ethanol (Merck, Kilsyth, Australia). To the homogenized mixture, 
14.5 mL of 60 % ethanol was added and sonicated at 25°C using a waterbath 
sonicator (B3510E-DTH, Branson Ultrasonics, Danbury, U.S.A.) for 10 min. 
The sonicated extract was then centrifuged (HeraeusTM BiofugeTM StratosTM 
Centrifuge, Buckinghamshire, England)  at 10,000 rpm for 5 min and the supernatant 
was collected in a 25 mL volumetric flask and the left over residue was re-extracted 
in 10 mL of 60 % ethanol for five min and then centrifuged as previously. The 
supernatant was then pooled in volumetric flasks that contained first fraction and the 
final volume was made up to 25 mL with 60 % ethanol. The extracts were then 
filtered and stored in the dark at -80 °C in HPLC vials for total phenolics and 
individual polyphenolics studies. 
2.2.7 Determination of total phenolics 
For the determination of total phenolics, a modified Folin-Ciocalteau colorimetric 
assay (Singleton and Rossi 1965) was used. Briefly, to 100 μL of the ethanolic 
extract, 400 μL of distilled water, 250 μL Folin Ciocalteau reagent, 1.25 mL of 2.1% 
aqueous sodium carbonate was added and incubated in the dark for 30 min and 
absorbance of the resulting mixture was taken at 735 nm using a microplate reader 
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(SPECTRAmax® 340 PC384 Microplate Spectrophotometer, Sunnyvale, U.S.A.) 
against the same mixture without sample. The total phenolic concentration was 
quantified from a standard curve prepared for gallic acid (Sigma Aldrich, Castle 
Hills, Australia) within the range of 20 - 100 mg/ L and the final concentration of 
total phenolics in a sample is reported as gallic acid equilvalents (GAE mg/ g DW). 
2.2.8 Determination of rosmarinic, chicoric and caffeic acid contents by HPLC 
analysis 
Chromatographic analysis was carried out using HPLC (Agilent Technologies 1200 
series liquid chromatography system), equipped with a quaternary pump, solvent 
degasser system, autosampler and diode array detector (Agilent Technologies, Forest 
Hill, Australia). Inbuilt software (Hewlett-Packard Chemstation, Agilent 
Technologies) was used to control the HPLC pump and acquire data from the diode 
array detectors. Separations were performed on Apollo TM C 18 (150 mm × 4.60 
mm × 5 μm particle diameter) column. For HPLC studies o-Phosphoric acid (OPA; 
AR grade) was obtained from Merck (Kilsyth, Australia) and HPLC grade methanol 
was obtained from BDH Chemicals (Poole, England). Millipore Millex-HN (Syringe 
filters; 0.45 μm) that were used for filtration of samples were obtained from (Merck, 
Darmstadt, Germany). 
For separation of individual polyphenolics the mobile phase used was HPLC grade 
water + 0.1% OPA (Mobile phase A) and Methanol + 0.1 % OPA (Mobile phase B). 
A gradient program was developed for RA quantitation: 0 - 2 min isocratic 0 % B, 2 
- 5 min linear gradient to 40 % B, 5 - 10 min a linear gradient to 50 % B, from 10 - 
18 min isocratically maintained at 50% B and 18 - 23 min a decreasing gradient from 
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50 % to 40 % and finally from 23 - 25 minute 0 % B for column washing. The flow 
rate of the mobile phase was 1.0 mL/ min and the wavelength used for detection of 
all three acids was 280 nm with an injection volume of 20 μL. Unknown samples 
were identified by comparison of the retention times with those of commercial 
standard of RA, ChA and CA (Sigma Aldrich, Castle Hills, Australia)). For 
sensitivity study of  RA, ChA and CA, twenty standard samples were prepared 
between 1 × 10-3 M to 1 × 10-12 M. Quantification of unknown samples was 
determined by comparison of integrated peak area for each sample with a standard 
calibration curve of rosmarinic, chicoric and caffeic acids. 
2.2.9 Statistical analysis  
All data presented in this study is expressed in terms of mean ± SEM. Raw data was 
analyzed using a commercial statistical package (GraphPad Prism 6). One way 
analysis of variance with a Tukey’s HSD test of significance at p ≤ 0.05 was used to 
determine the effect of cultivar on the quantified morphological traits, total phenolic 
content and individual polyphenolics content.  
Two way ANOVA analyses using Sidak’s multiple comparison test was used to 
examine the difference between the two growth systems for total phenolics and the 
individual polyphenolics. Correlation between total phenolics and rosmarinic, 
chicoric and caffeic acids was tested using Pearson test at a significance level of 
0.05.  
Hierarchical cluster analysis was performed using IBM SPSS Statistics 22 to 
determine if there was a relationship between the cultivars grown in the in vitro 
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system and their polyphenolic constituents. Data used was standardized using Z 
score and analyzed between group linkages using squared Euclidean distance and 
represented in the form of a dendrogram. 
2.3 Results  
2.3.1 Seed collection and germination rates of the collected cultivars 
Seeds were collected from the different seed suppliers and research institutes from 
five countries. In total 29 cultivars of O. basilicum were collected and screened 
against their viability (Table 2.1) for this study. Of the 29 cultivars collected fourteen 
showed no or very low germination (0-20 %) and were not used further in this study 
(B 16- B 29, not shown in Table 2.1). Thus, fifteen cultivars were used in this study. 
In detail B 7, B 8, B 10, B 11, B 12 and B 13 showed low germination percentage 
(21-30 %), B1, B2, B4, B5 and B6 showed medium germination percentage (31-69 
%) and B 3, B 9, B 14, B 15 showed high germination percentage (70 – 100 %). On 
the basis of germination percentage B3, B 9, B 14 and B 15 were recognized as 
cultivars showing highest viability among the twenty nine collected. 
 
 
 
 
Table 2.1. Seed collection and germination percentage of screened cultivars of 
O. basilicum. 
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Code Cultivar Country Germination 
percentage 
B 1  Cim Saumya India  Medium 
B 2 Turkmaniya Basil India Medium 
B 3 Subja India High 
B 4 Ban Tulsi India Medium 
B 5 Basilicum Breitblattriges Germany Medium 
B 6 Basil Genovese India Medium 
B 7 Basil Genovese Spain Low 
B 8 Basil Minimum Spain Low 
B 9 Organic Cinnamon Australia High 
B 10 Organic Thai Basil Australia Low 
B 11 Basil Stella Australia Low 
B 12 Holy Green Australia Low 
B 13 Red Rubin Australia Low 
B 14 Basil Genovese America United States of America High 
B 15 Sweet Basil United States of America High 
2.3.2 Morphotyping of cultivars 
There are twenty seven traits mentioned in the UPOV guidelines for morphotyping 
of O. basilicum. These traits can be classified into four major groups namely plant 
type (habitat; height; density), stem type (color; pubescence; number of flowering 
shoots), leaf type (blade length; pubescence; color; margin; glossiness) and flower 
type (corolla color; bract hairiness; color of style). Collected cultivars were assessed 
against these major qualitative traits and quantitative traits such as plant height, 
number of nodes, branches and internodal distance (Table 2.2). 
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On the basis of leaf type, the collected cultivars were broadly classified into large 
(lettuce) leaf and robust type, dwarf leaf type, purple colored type or tall and slender 
type (Figure 2.1). All the cultivars grew successfully in both the in vitro and CP 
system. Plants were healthy at maturity and progressed to flowering (approximately 
90 days for the CP system grown plants). Flowering in the in vitro system was either 
accelerated with some cultivars flowering at 60 days (for example B 2, B 8 and B 
10), or were delayed, flowering after 90 days.  
Plant height in the CP system was much greater than that in the in vitro system with 
some cultivars grown in the CP system almost twenty times the height of those in the 
in vitro system (for example B 1 3.37 ± 0.44 cm in vitro and 74.83 ± 3.17 cm CP 
system). Height difference was reflected in the greater number of nodes, branches 
and internodal distances found for the CP system grown plants. Traits shown in 
Table 2.1 align with other study of Javanmardi et al. (2002) on O.basilicum where 
morphological diversity is reported. 
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Figure 2.1. Morphotypes of O. basilicum cultivars obtained in the in vitro set up 
developed in 90 mm Petri dish. Four different morphotypes were observed in the 
study: A: large (lettuce) leaf and robust type; B: purple colored type; C: tall and 
slender type; D: dwarf leaf type. There were four types of flower found in the study: 
E: light purple; F: white flower; G: dark purple flower and H: purple flower. 
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Table 2.2. Morphotyping of the fifteen cultivars of O. basilicum grown in the in vitro system and CP system.* 
 In vitro system CP system 
Code 
 
Plant height 
(cm) 
No. of nodes 
 
No. of branches Internodal 
distance (cm) 
Plant height  
(cm) 
No. of nodes 
 
No. of branches Internodal 
distance (cm) 
B 1 3.37 ± 0.44c 6.33 ± 0.33cde 12.71 ± 0.66abc 0.33 ± 0.08c 74.83 ± 3.17bcde 12.00 ± 0.58c 24.00 ± 1.15c 8.77 ± 0.27ab 
B 2 4.31 ± 0.15bc 9.00 ±  0.57bc 18.00 ± 1.15abc 0.50 ± 0.05c 75.00 ± 0.58bcde 11.33 ± 0.33cd 22.67 ± 0.67cd 9.17 ± 0.18ab 
B 3 5.53 ± 0.38abc 9.00 ± 0c 18.00 ± 0abc 0.31 ± 0.05c 101.70 ± 6.98ab 14.67 ± 1.86bc 29.33 ± 3.71bc 8.60 ± 1.10ab 
B 4 5.12 ± 0.28abc 9.00 ± 0bc 18.00 ± 0abc 0.43 ± 0.03c 69.36 ± 5.83de 11.33 ± 0.33cd 22.67 ± 0.67cd 8.23 ± 0.32ab 
B 5 4.93 ± 0.37abc 7.67 ± 0.33bcde 15.32 ± 0.66abc 0.41 ± 0.05c 88.83 ± 2.59abcd 19.33 ± 0.88ab 38.67 ± 1.76ab 6.13 ± 0.19bcd 
B 6 4.51 ± 0.37abc 8.33 ± 0.33bcd 16.71 ± 0.66abc 0.42 ± 0.05c 79.60 ± 7.41abcd 14.33 ± 0.88bc 28.67 ± 1.76bc 6.87 ± 0.70bc 
B 7 3.47 ± 0.20c 7.67 ± 0.33bcde 15.31 ± 0.74ab 0.93 ± 0.08abc 85.20 ± 7.05abcd 16.00 ± 0.58abc 32.00 ± 1.15abc 6.40 ± 0.56bc 
B 8 8.13 ± 1.41abc 7.67 ± 0.37bcde 15.33 ± 0.66a 0.93 ± 0.08abc 51.86 ± 4.68ef 21.33 ± 2.96a 42.67 ± 5.93a 2.20 ± 0.36d 
B 9 6.50 ± 0.45abc 12.71 ± 1.20a 25.31 ± 2.41abc 1.57 ± 0.12a 94.30 ± 1.64abcd 15.67 ± 1.45abc 31.33 ± 2.91abc 11.83 ± 0.83a 
B 10 9.60 ± 2.79ab 9.33 ± 0.88b 18.72 ± 1.76bc 0.81 ± 0.50abc 26.86 ± 7.95f 5.33 ± 0.88d 10.67 ± 1.76d 3.73 ± 0.89cd 
B 11 9.73 ± 2.15a 6.67 ± 0.66bcde 13.31 ± 1.33bc 1.00 ± 0.11abc 72.16 ± 9.31cde 14.00 ± 1.15bc 27.33 ± 2.91bc 6.93 ± 0.23bc 
B 12 5.93 ± 0.44abc 5.67 ± 0.33de 11.33 ± 0.66c 1.41 ± 0.21ab 78.70 ± 4.31abcde 11.33 ± 0.33cd 22.67 ± 0.67cd 9.13 ± 1.95ab 
B 13 6.41 ± 0.37abc 6.67 ± 0.33bcde 13.31 ± 0.66abc 0.86 ± 0.12bc 92.66 ± 1.09abcd 17.33 ± 0.88abc 34.67 ± 1.76abc 6.07 ± 0.28bcd 
B 14 5.17 ± 0.68abc 8.00 ± 0.33bcde 15.32 ± 0.66bc 0.61 ± 0.11bc 105.23 ± 3.47a 16.33 ± 0.88abc 32.67 ± 1.76abc 8.13 ± 0.47ab 
B 15 3.43 ± 0.33c 5.00 ± 0.57e 10.00 ± 1.15c 0.66 ± 0.17bc 99.00 ± 3.06abc 17.00 ± 0.58abc 30.67 ± 3.53abc 7.57 ± 1.03bc 
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* Data is represented as mean ± SEM of each of three replicates (n=3).  Different letters indicate significant differences 
(p ≤ 0.05) between the cultivars for different quantifiable traits according to Tukey’s HSD. Plant habitat – All erect 
type except for B8, showing intermediate habitat. Plant density- Varies from loose (B 1, B 2, B 4), medium (B 9, B 
10, B 15) to dense (B 3, B 5, B 6, B 7, B 8, B 11, B 12, B 13, B 14). Stem type- Stem color in all cultivars was green 
except for B 9 and B 13 and hairs were present in all. Leaf  type- Variants in leaf morphology from ovate/ dark green/ 
less hairy/ serrated/ flat (B 1; B 2; B 4), ovate/ green/ hairy/ serrated/ undulate (B 9), lanceolate/ purple/ serrated/ flat 
(B 13), broad Ovate/ green/ hairy/ serrated/ undulate (B 12), small ovate/ dark green/ serrated/ flat/ less hairy (B 8), 
broad ovate/ green/ serrated/ undulate/flat/glossy (B 3, B 5, B 6, B 7, B 11, B 14, B 15) to lanceolate/ green/ serrated/ 
less hairy (B 15) were observed. Flower type- Four types of flower colors, light purple (B 1, B 2, B 4, B 10) white (B 
3, B 5, B 6, B 7, B 8, B 11, B 14, B 15), dark purple (B 9, B 13) and purple type (B 12) were found in this study. 
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2.3.3 Standardization of a method for extraction of rosmarinic acid 
RA was the metabolite of interest in this study thus the extraction method was 
standardized and developed for its isolation here. A number of extraction protocols 
using different percentages of ethanol, homogenization and two forms of sonication 
(water bath assisted or ultrasonication) to optimize yields of RA from lyophilized 
and powdered samples were tested in this study. The highest yields of RA,  33.58 ± 
0.95 mg/ g DW and 31.45 ± 0.68 mg/ g DW (Figure 2.2), were found when 80 % v/v 
ethanol in water or 60 % v/v ethanol in water respectively was used as the extraction 
solvent in combination with waterbath assisted sonication.  
 
Figure 2.2. Comparison between homogenization, water-bath sonication and 
ultrasonication at five different percentages of ethanol for standardization and 
selection of extraction methodology for rosmarinic acid from B12 cultivar. Data 
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are presented as the mean ± SEM of each of three replicates (n = 3). Different letters 
indicate significant differences (p ≤ 0.05) between methods, within percentage of 
ethanol according to Tukey’s HSD. # shows no significant difference (p ≤ 0.05) 
between 60 % ethanol and 80 % ethanol with waterbath assisted sonication. 
Waterbath assisted sonication was capable of processing three samples at one time 
and at a higher sonication frequency of 42 KHz in comparison to lower frequency 
(20 KHz) and longer time requirement (as pulse of 1 sec was used for every 
treatment) for an Ultrasonicator. Routinely, 60 % v/v ethanol in water and waterbath 
assisted sonication was selected for processing of all samples.  This protocol was 
found to be time efficient, easy to perform and required minimal resources. 
2.3.4 Comparison between the in vitro and CP system: Total Phenolics 
The Folin Ciocalteau phenolic assay was used to quantitate the total phenolic content 
for the samples derived from the in vitro and CP growth systems for the whole plant 
and was expressed in terms of gallic acid equivalents (Figure 2.3). There was a 
significant difference (p ≤ 0.05) found in total phenolic content between the two 
growth systems. It was also found that cultivars grown in the CP system had higher 
total phenolic contents, for example the highest phenolic content was found in 
following three cultivars: B 12 (156.15 ± 6.19 mg/ g GAE DW), B 13 (127.41 ± 3.11 
mg/ g GAE DW), B 14 (126.41 ± 0.72 mg/ g GAE DW) while the lowest was found 
for B 10 (73.86 ± 1.29 mg/ g GAE DW). The in vitro system showed a similar trend 
of phenolic content among cultivars as the highest was found in B 12 (69.69 ± 2.83 
mg/ g GAE DW), B 13 (67.79 ± 0.82 mg/ g GAE DW), B 7 (65.71 ± 2.14 mg/ g 
GAE DW) while the significantly lowest level was found in B 15 (41.78 ± 0.99 mg/ 
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g GAE DW). The highest phenolic content was thus found in B 12 and B 13 for both 
growth systems.  
 
Figure 2.3. Total phenolic content for the fifteen cultivars of O. basilicum grown 
in the in vitro system and CP system. Total phenolic content is reported in Gallic 
acid equivalents; GAE (mg/ g DW). Data are presented as mean ± SEM of each of 
three replicates (n= 3) for the whole plant. Different letters indicate significant 
differences (p ≤ 0.05) between two growth systems, within cultivars according to 
Sidak’s multiple comparison tests. 
2.3.5 Comparison between the in vitro and CP system: Individual polyphenolic 
content 
HPLC was used to determine the concentrations of RA, ChA and CA in both the 
aerial parts and roots of the different cultivars of O. basilicum grown in the in vitro 
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and CP systems. A characteristic chromatogram (Figure 2.4) of extracts from the 
aerial part and roots of B 13 showed distinct peaks for RA (14.5 min), ChA (11.6 
min) and CA (10.9 min).  
 
Figure 2.4. Typical HPLC chromatogram for the aerial and root samples of O. 
basilicum using UV absorbance detection (280 nm). Peak: 1: caffeic acid (10.6 
min), 2: chicoric acid (11.6 min) and 3: rosmarinic acid (14.5 min). 
Analytical figures of merit for the three polyphenolics used in the present study are 
shown in Table 2.3.  
Table 2.3. Analytical figures of merit for polyphenolics found in this study. 
 UV detection 
Polyphenolic R2 LOD (μM) 
Rosmarinic acid 0.9988 0.5 
Chicoric acid 0.9900 0.2 
Caffeic acid 0.9922 10 
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RA was found as the major polyphenolic in the ethanolic extract of all the cultivars. 
The highest and lowest RA producing cultivars for whole plants were the same for 
both growth systems. No significant difference (p ≤ 0.05) in RA content of whole 
plants was found for 11 out of the 15 cultivars grown in both systems. For four of the 
cultivars there was a significantly higher level of RA in CP system grown plants 
compared with those grown in vitro. B 13, B 12 and B 7 were found to be high 
producing cultivars in both systems whereas B 3, B 5 and B 11 emerged as low 
producing cultivars in both systems. RA content found in whole plants grown in the 
in vitro system ranged from as low as 24.20 ± 2.31 mg/ g DW in B 3 to 89.44 ± 1.49 
mg/ g DW in B 13. B 13 (89.44 ± 1.49 mg/ g DW) B 12 (78.00 ± 2.69 mg/ g DW) 
and B 7 (52.09 ± 6.38 mg/ g DW) were the highest producing cultivars in the in vitro 
system while B 3 (24.20 ± 2.31 mg/ g DW), B 14 (26.39 ± 0.82 mg/ g DW), B 5 
(28.46 ± 1.27 mg/ g DW) were identified as the lowest producing cultivars (Figure 
2.5 a). As shown in Table 2.4 & 2.5 the aerial parts are found to be the major reserve 
of RA in both the in vitro (10/15 cultivars) and CP system (11/ 15 cultivars).  
While the focus of this chapter was quantification of RA in cultivars of O. basilicum 
the analysis of ChA and CA also offered insights into the contribution of other 
polyphenolics in the same cultivar. Unlike RA, ChA content (Figure 2.5 b), showed 
significant (p ≤ 0.05) differences between both the growth systems for all cultivars 
except for B5, B7 and B9.  In the CP system B3 showed 8 times higher levels of 
ChA than in the in vitro growth system. The amount of ChA for the whole plant 
found in the in vitro growth system ranged from the highest level (5.24 ± 0.37 mg/ g 
DW ChA) in B 12 to the lowest level (0.98 ± 0.16 mg/ g DW ChA) in B 7. B 12 
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(5.24 ± 0.37 mg/ g DW ChA), B 1 (4.80 ± 0.11 mg/ g DW ChA) and B 9 (4.44 ± 
0.10 mg/ g DW ChA) were found as high ChA producing cultivars in the in vitro 
system while B 6 (0.98 ± 0.16 mg/ g DW ChA), B 3 (1.04 ± 0.04 mg/ g DW ChA), B 
15 (1.41 ± 0.04 mg/ g DW ChA) were found as low producing cultivars. 
Similar to RA, aerial parts were found to be major sources of ChA in both systems 
(Table 2.3 & 2.4). The amount of ChA (7.59 ± 0.37 mg/ g DW ChA) found in B 12 
for  the CP system and the amount found, 5.24 ± 0.37 mg/ g ChA DW, in the in vitro 
system showed that this cultivar can be selected as a common high yielding cultivar. 
No ChA was found in roots of B 4, while the highest levels were found in B 1 (2.45 
± 0.12 mg/ g ChA) for plants grown in the in vitro system. 
For CA in the in vitro system (Figure 2.5c) higher concentrations were found than in 
the CP system except for B 10 which produced 1.4 times more CA. Cultivar type 
showed a significant effect on CA in both the growth systems. The values found here 
ranged from 4.35 ± 0.25 mg/ g CA DW in B 11 to 1.55 ± 0.04 mg/ g CA DW in B 
10. In the in vitro system high levels of CA were found in B 11 (4.35 ± 0.25 mg/ g 
CA DW), B 2 (4.25 ± 0.27 mg/ g CA DW and B9 (4.04 ± 0.15 mg/ g CA DW) while 
the lowest values were reported in B 10 (1.55 ± 0.04 mg/ g CA DW, B12 1.58 ± 0.07 
mg/ g CA DW) and B 13 (1.63 ± 0.04 mg/ g CA DW).   
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Figure 2.5. Concentrations of polyphenolics detected by HPLC analysis in the 
fifteen O. basilicum cultivars for the whole plant grown in the in vitro system 
and CP system. Comparison of (a) rosmarinic acid, (b) chicoric acid and (c) caffeic 
acid (mg/ g DW) content between the two growth systems. Data are presented as 
mean ± SEM of each of three replicates (n = 3) for the whole plant. Different letters 
indicate significant differences (p ≤ 0.05) between the two growth systems, within 
cultivars according to Sidak’s multiple comparison test.  
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Table 2.4. Average individual polyphenolic content in the fifteen cultivars of O. basilicum grown in the in vitro 
system.* 
 
* Data represented as mean ± SEM of each of three replicates (n = 3) at a concentration of mg/ g DW.  Different letters 
indicate significant differences between the cultivars for polyphenolics content in aerial parts and roots (p ≤ 0.05) 
according to Tukey’s HSD. Aerial parts mentioned in the table refers to homogenized mix of leaves and stem.  
 Rosmarinic acid (mg/ g DW) Chicoric acid (mg/ g DW) Caffeic acid (mg/ g DW) 
Code aerial parts Roots aerial parts Roots aerial parts Roots 
B 1 26.92 ± 0.75d 21.64 ± 2.29de 2.35 ± 0.10cd 2.45 ± 0.12a 1.45 ± 0.14def 0.34 ± 0.02f 
B 2 35.10 ± 1.57bc 15.02 ± 0.20efg 1.82 ± 0.07de 0.94 ± 0.07c 2.36 ± 0.18bc 1.89 ± 0.12b 
B 3 6.36 ± 0.17f 17.83 ± 2.18def 0.71 ± 0.08g 0.33 ± 0.05ef 1.45 ± 0.02def 0.74 ± 0.04cde 
B 4 29.62 ± 1.81cd 2.34 ± 0.36h 1.49 ± 0.10ef Nil 1.74 ± 0.06de 0.43 ± 0.03ef 
B 5 10.10 ± 0.09f 18.36 ± 1.27def 1.29 ± 0.11efg 0.39 ± 0.03de 1.94 ± 0.06cd 0.42 ± 0.02ef 
B 6 7.93 ± 0.92f 24.87 ± 1.24cd 0.63 ± 0.13g 0.35 ± 0.03de 1.67 ± 0.09de 0.43 ± 0.03ef 
B 7 17.06 ± 1.91e 35.04 ± 4.47b 3.30 ± 0.19ab 0.31 ± 0.02ef 2.60 ± 0.07b 0.81 ± 0.04cd 
B 8 25.79 ± 0.70d 15.70 ± 1.10efg 2.98 ± 0.16abc 0.96 ± 0.09c 1.51 ± 0.04de 0.49 ± 0.03def 
B 9 38.87 ± 1.97b 12.52 ± 0.78fg 2.27 ± 0.01cd 2.17 ± 0.11a 1.46 ± 0.02def 2.58 ± 0.16a 
B 10 26.97 ± 0.49d 9.47 ± 0.72gh 3.35 ± 0.23ab 1.01 ± 0.04c 1.00 ± 0.02fgh 0.55 ± 0.03def 
B 11 16.64± 0.77e 13.70 ± 0.61efg 2.71 ± 0.16bc 0.45 ± 0.04de 3.56 ± 0.23a 0.79 ± 0.06cd 
B 12 47.79 ± 2.33a 30.21 ± 0.43bc 3.47 ± 0.27a 1.78 ± 0.10b 0.59 ± 0.03h 0.98 ± 0.05c 
B 13 45.33 ± 0.65a 44.11 ± 0.87a 0.95 ± 0.08fg 0.47 ± 0.06de 0.93 ± 0.01gh 0.71 ± 0.03cde 
B 14 17.51 ± 0.22e 8.89 ± 0.80gh 1.05 ± 0.08fg 0.69 ± 0.04d 1.47 ± 0.04def 0.36 ± 0.01f  
B 15 17.17 ± 0.73e 14.10 ± 0.53efg 1.09 ± 0.07fg 0.33 ± 0.04ef 1.35 ± 0.07efg 0.64 ± 0.08def 
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Table 2.5. Average individual polyphenolic content in the fifteen cultivars of O. basilicum grown in the CP system.* 
* Data represented as mean ± SEM of each of three replicates (n = 3) at a concentration of mg/ g DW. Different letters 
indicate significant differences between the cultivars for polyphenolics content in aerial parts and roots (p ≤ 0.05) 
according to Tukey’s HSD. Aerial parts mentioned in the table refers to homogenized mix of leaves and stem.  
 Rosmarinic acid (mg/ g DW) Chicoric acid (mg/ g DW) Caffeic acid (mg/ g DW) 
Code aerial parts roots aerial parts Roots aerial parts roots 
B 1 39.60 ± 2.61ab 18.85 ± 0.25c 5.60 ± 0.24cdef 1.33 ± 0.08cd 1.18 ± 0.11bc 0.30 ± .01fg 
B 2 32.69 ± 2.46bcd 21.83 ± 1.51bc 6.20 ± 0.26cd 0.88 ± 0.05def 1.00 ± 0.09bcde 0.50 ± 0.06abcde 
B 3 16.11 ± 0.53ghi 11.71 ± 0.81de 6.89 ± 0.09bc 1.75 ± 0.13c 0.95 ± 0.10bcde 0.70 ±  0.03a 
B 4 28.26 ± 1.31def 19.52 ± 0.70c 4.09 ± 0.37fgh 0.63 ± 0.01ef 1.15 ± 0.03bcd 0.52 ± 0.03abcde 
B 5 13.60 ± 1.45hi 16.53 ± 0.58cd 1.65 ± 0.06i 0.53 ± 0.01f 1.19 ± 0.09b 0.50 ± 0.02abcde 
B 6 32.04 ± 0.95bcd 11.92 ± 0.38de 3.66 ± 0.38gh 0.97 ± 0.04def 0.69 ± 0.01efg 0.38 ± 0.04efg 
B 7 37.17 ± 1.69abc 21.32 ± 0.85c 3.47 ± 0.31gh 0.59 ± 0.07ef 0.80 ± 0.02cdef 0.42 ± 0.02cdefg 
B 8 20.40 ± 0.96fgh 17.46 ± 1.10cd 4.45 ± 0.20efg 0.73 ± 0.09def 0.86 ± 0.03cdef 0.46 ± 0.01bcdef 
B 9 36.29 ± 0.88abcd 21.23 ± 1.52c 2.80 ± 0.10hi 0.81 ± 0.07def 1.10 ± 0.08bcd 0.61 ± 0.05abc 
B 10 30.52 ± 0.96cde 10.46 ± 0.39e 12.59 ± 0.30a 1.70 ± 0.14c 1.93 ± 0.14a 0.40 ± 0.02defg 
B 11 11.60 ± 0.80i 19.52 ± 1.21c 5.47 ± 0.22cdef 1.18 ± 0.13cde 1.22 ± 0.10b 0.43 ± 0.03cdefg 
B 12 44.71 ± 1.62a 38.89 ± 1.85a 3.43 ± 0.18gh 4.16 ± 0.23a 0.85 ± 0.02bcdef 0.60 ± 0.05abc 
B 13 39.40 ± 1.74ab 43.84 ± 2.13a 4.66 ± 0.18defg 3.72 ± 0.07ab 0.53 ± 0.01gh 0.65 ± 0.04ab 
B 14 22.46 ± 2.97efg 27.32 ± 0.94b 8.38 ± 0.75b 3.25 ± 0.29b 0.36 ± 0.05h 0.59 ± 0.08abcd 
B 15 30.78 ± 1.46cde 22.08 ± 1.10bc 5.71 ± 0.27cde 1.71 ± 0.07c 0.77 ± 0.03def 0.25 ± 0.01g 
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2.3.6 Correlation between total phenolic content and individual polyphenolic 
content 
Correlation studies showed that RA content was positively correlated with the total 
phenolic content in all the cultivars for both the systems studied here. According to 
Pearson correlation test in in vitro system RA showed positive correlation with total 
phenolic content (r value = 0.784, R2 = 0.614). Similar positive correlation was found 
for the cultivars grown in CP system but with a lower r value of 0.596 (R2 = 0.354). 
Compared with RA, ChA showed lower correlation coefficient with total phenolic 
content in both the systems. ChA showed r value of 0.541 (R2 of 0.293) in in vitro 
system while r value of 0.086 (R2 of 0.007) was found for CP system. Compared to 
RA and ChA, CA showed negative correlation with the total phenolic content in both 
the system. 
2.3.7 Correlation between morphotype and individual polyphenolic content for 
plants grown in in vitro system 
The content of RA, ChA, CA in aerial parts and roots of all cultivars were subjected 
to hierarchical cluster analysis to examine similarities and differences between the 
cultivars. Two distinct groups were generated based on the polyphenolic content 
analysis (Figure 2.6) and within the two main groups several subgroups were 
evident. Two main groups were primarily separated on flower color which was 
highly correlated with plant morphology (leaf shape, leaf surface, stem type, plant 
habit) and RA content. Those cultivars with the highest RA content were purple 
flowered and those with lower RA content were white flowered except for B4 which 
is a purple flowered cultivar that fell into the white flowered cluster.  
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Figure 2.6. Clustering of fifteen O. basilicum cultivars grown in the in vitro 
system based on rosmarinic acid, chicoric acid and caffeic acid content found in 
aerial parts and roots. Data used was standardized with Z-score using squared 
Euclidean distance and dendrogram was drawn using SPSS 22 statistical computer 
package. Purple flowered cultivars showed higher contents of rosmarinic acid in 
comparison to white flowered cultivars. Dashed lines represent the division between 
the white and purple flowered cultivars. 
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2.4 Discussion 
The merits of the in vitro whole plant system as a screening module against the 
traditionally used CP system in plant studies were shown in this chapter. The 
advantages of the developed in vitro screening system over conventional pot system 
includes use of sterile, transparent (ease of observation) and precisely defined 
medium for root growth, no additional nutrient supplementation, less labor and 
physical space requirement. These advantages allow with ease of downstream 
processing and non-destructive sampling for fast and reproducible screening of 
officinal plants (Figure 2.7). Additionally, the proposed in vitro system also showed 
advantages over hydroponics as a screening system as it does not required use of 
specialized instrumentation, technical skills, labor and energy. 
In this study, lyophilized plant samples were used for extraction studies as in my 
preliminary analysis highest concentration of polyphenolics was found in lyophilized 
plant material in comparison to fresh samples. The result found here concurred with 
that found previously by Lee (2010) in a comparison study of basil that was 
lyophilized with fresh, quick frozen or blanched and frozen samples. The removal of 
water concentrates polyphenolics in the dried plant samples and can be defined as 
reason for high yield of RA in lyophilized plant material.  
High morphological diversity is reported in O. basilicum by Javanmardi et al. (2002) 
and Makri and Kintzios (2008) and similar observations were made here also. 
Majorly two flower morphotypes were found in this study which on correlation 
analysis showed purple flower cultivar to have high RA content for plants grown in 
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in vitro system. The flower color can be thus used as a preliminary trait for selection 
of high yielding cultivar of O. basilicum in future studies. Other traits like plant 
habitat, stem type and leaf type studied here were in concurrence with the earlier 
reports of Javanmardi et al. (2002). The advantage of use of in vitro whole plant 
system for morphological studies for large number of plant samples was also shown 
through this study. 
 
Figure 2.7. Merits of the developed in vitro screening system over a conventional 
pot system for screening and selection of O. basilicum cultivars. 
Total phenolics estimated for CP system-grown samples were of the same magnitude 
as those reported by Jayasinghe et al. (2003) for different fractions used by them. 
Total phenolic content is dependent on age and state of plant material (dry/ fresh) 
and the contents found here with mature plants were much higher than those found 
for four week old plants (17.58 mg/ g GAE DW) as reported by Kwee and Niemeyer 
(2011) and  Lee and Scagel (2009). This analysis clearly showed that cultivar 
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significantly effects total phenolic content and can be correlated well with the reports 
for this species and others studies (Kwee and Niemeyer 2011; Poiroux-Gonord et al. 
2010). Even though determination of total phenolics in plant cultivar samples is a 
useful comparative measure and may correlate well with biological activity it 
provides little indication about the responsible compounds. Thus use of separation 
techniques like HPLC for identification of polyphenolic components in the extracts 
is advantageous. 
HPLC analysis was used to quantitate the amount of RA, ChA and CA in the plant 
extracts. The RA content found in the aerial parts were higher on mg/ g DW basis 
than previously reported values (Lee and Scagel 2009; Kwee and Niemeyer 2011; 
Nguyen et al. 2010; Koroch et al. 2010; Scagel and Lee 2012). RA content also 
showed similarity to the amounts reported (4 - 25 mg/ g DW) by Kiferle et al. (2012) 
for leaves obtained from hydroponically grown plants. The utility of the aerial parts 
of O. basilicum and other plants belonging to the Lamiaceae family are well 
recognized for their RA content (Hakkim et al. 2007) but only three studies 
Toussaint et al. (2008); Kiferle et al. (2011) and Scagel and Lee (2012) have studied 
roots as a source of RA. 
Interestingly, in this study roots of B 13 in both systems showed an equal content of 
RA. On the other hand, roots of cultivars such as B 6, B 3, B 7 and B 5 grown in the 
in vitro system produced up to three times more RA than in the CP system. Roots are 
clearly an alternative and rich source of RA was shown here. Kiferle et al. (2011) 
reported high values of RA in roots of three cultivars at full bloom for plants 
growing in a hydroponic system and showed levels of RA similar to those found for 
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two cultivars used in our study (B 14, 27.32 ± 0.94 mg/ g DW and B 7, 21.32 ± 0.85 
mg/ g DW). B 13 in the in vitro system had RA content in the aerial parts of 45.33 ± 
0.65 and in the roots of 44.11 ± 0.87 mg/ g DW showing that it has great potential as 
a source of RA and for selection studies. For all cultivars, similarity in RA profile for 
11 cultivars between the CP system and in the in vitro system shows that the in vitro 
system is very useful as a screening and selection tool for RA.  
The quantities of ChA reported here in the in vitro and CP system are higher than 
that reported in five studies till date, to the best of my knowledge on O. basilicum 
and ChA (Lee and Scagel 2010; Lee 2010; Kwee and Niemeyer 2011; Nguyen et al. 
2010; Scagel and Lee 2012).  Concentrations of ChA found here for B 10 from the 
CP system are as much as 3.9 and 4.5 times higher than that reported in two previous 
studies (Lee 2010; Lee and Scagel 2013).  Difference in growing conditions, age of 
harvest, extraction procedure and analytical conditions can be defined as possible 
reasons for such a variable observation (Lee and Scagel 2010). Although plants were 
grown for the same duration as in the studies conducted by Lee and Scagel (2009) 
and Scagel and Lee (2012) the use of fresh samples and differences in cultivar type 
and extraction procedures may account for the differences of their values (0.114 - 
0.885 mg/ g FW and 0.05 -0.01 mg/ g FW) in comparison to this study. As per the 
literature available till date on ChA this is the first report of presence of ChA in roots 
of O. basilicum. 
A low level of CA in B 12 and B 13 cultivars corresponds with the highest levels of 
RA in the same cultivars. Similar to RA and ChA the aerial parts showed higher 
production of CA in 13 of the cultivars. Another possibility that may account for the 
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higher levels of RA and ChA found compared with the levels of CA is that 
polyphenolic synthesis is altered during maturation and can account for low 
concentration of caffeic acid in comparison to RA and ChA as observed here 
(Javanmardi et al. 2002).  
Significant differences were found between the two growth system for the four 
cultivars in RA and thirteen out of fifteen cultivars in ChA and CA profile. 
Conventional pot system was found to have higher amount of RA and ChA. 
Differences in the growth substrates, regular nutrient supplementation and early 
flowering for all cultivars growing in conventional pot system can be hypothesized 
as the reasons for high RA and ChA content in CP system and its significant 
difference from the in vitro system (Nguyen et al. 2010; Lee and Scagel 2013; 
Koroch et al. 2010). Additionally, as the extraction methodology was optimized for 
RA in the present study, it can be concluded that separate and targeted extraction of 
ChA and CA is needed to correlate the effects of growth substrate, growth 
parameters and extraction methodology on their content in the two systems.  
Here in this chapter chicoric and caffeic acids are the minor polyphenolics found in 
the cultivars of O.basilicum. CP system is found as a better system for ChA while in 
vitro system is found to be better for CA clearly indicating that the amount of minor 
polyphenolic is differently affected by the growth substrate and growth parameters in 
O. basilicum in comparison to the major polyphenolic like RA. The reasons for such 
observation can be studied in future with extraction methodology optimized for these 
minor metabolites. It can be further postulated that parameters such as light quality, 
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humidity and temperature strongly affects biosynthetic pathway for expression of 
minor polyphenolics in O. basilicum. 
In the CP system plants were grown in the natural conditions and the light exposure 
was given equally and consistently to every unit by regular shifting. Similarly, in the 
in vitro system plants were grown under cool white fluorescent lights having 
qualities close to natural light and every unit was provided with uniform and 
consistent light conditions by regular shifting. Since the light conditions were 
consistent as well as the medium was consistent in each system, the polyphenolic 
response produced in the present study can be considered due to plant property in 
relation to the medium and light conditions. Additionally, the objective of the present 
work was to compare and find out whether an alternate system to CP system can be 
evolved and as the results have shown similar trend for the major polyphenolic (RA), 
I presume that the developed technique is true to type to a greater extent. 
Thus this chapter identified B 13 (Red Rubin), B 12 (Holy Green) and B 7 (Basil 
Genovese) as high yielding cultivars in terms of high polyphenolic (RA) content. 
Rosmarinic acid was the major metabolite found in the cultivars tested and it was 
also discovered that in addition to its presence in the aerial parts of plants, roots are a 
viable and alternative source of RA. A distinct relationship in morphology and 
polyphenolic content was also revealed in this study and purple flowered cultivars 
were found to be a rich source of RA compared with white flowered cultivars. In 
vitro whole plant system as a screening tool for the rapid screening of a wide variety 
of secondary metabolites in a range of herbaceous annuals was thus identified 
through this study. Both high (B 12 and B 13) and low (B 3) RA producers screened 
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in the in vitro system were selected to study the impact of Agrobacterium rhizogenes 
mediated transformation on the polyphenolics content in the next chapter. B 3 was 
selected to study the role of transformation for increasing metabolite content in low 
RA producing cultivar.  
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Chapter 3: Establishment, cultivation and optimization of 
hairy root lines derived from the selected cultivars of 
Ocimum basilicum for production of rosmarinic acid 
3.0 Abstract 
Ocimum basilicum is a rich source of rosmarinic acid having pharmaceutical values. 
For enhanced production of secondary metabolites, hairy roots are recognized as an 
efficient alternative. In the present study, hairy root lines were established from the 
three different selected cultivars of O. basilicum for the morphological and 
biochemical variation studies and selection thereafter. This study identified that hairy 
root formation is explant specific and virulence dependent. Agrobacterium 
rhizogenes A4 was recognized as the most potent bacterial strain and young leaf as 
the best explant for transformation studies. Thick and thin morphotypes with 
abundant or sparse hairiness and callusing in three hairy root lines were obtained. 
Distinct inter-cultivar morphological variability was observed between the seven 
axenically developed hairy root lines. Thick and thin morphological traits observed 
in the study were correlated with the presence of aux genes located on TR-DNA and 
endogenous auxin content. Biochemical variability was also found among the 
developed hairy root lines for the total phenolic, rosmarinic and caffeic acids 
content. No significant difference in RA content was found between the root lines at 
their optimal RA production age but distinct difference was found between hairy root 
lines from the different cultivars at all ages, The highest RA content was found in 
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HR 1 (40 d; 71.02 ± 12.67 mg/ g DW), HR 4 (50 d; 69.49 ± 1.79 mg/ g DW) and HR 
5 (60 d; 76.41 ± 3.70 mg/ g DW) which showed that RA synthesis was age 
dependent in each of the developed hairy root lines. Developed hairy root lines were 
also found to be advantageous when compared with non-transformed roots for RA 
yield and biomass production. The hairy root lines were then selected on the basis of 
morphology and RA content for the further studies. 
3.1 Introduction 
Hairy roots also known as “green factories” are an efficient and viable resource of 
secondary metabolites having medicinal importance (Sevon and Oksman-Caldentey 
2002; Giorgiev et al. 2007; Giorgiev et al. 2012). Causative agent for hairy root 
formation is Agrobacterium rhizogenes (formerly known as Phytomonas rhizogenes) 
and it is a soil borne gram negative pathogenic bacterium which transforms plant cell 
to form hairy root syndrome (Veena and Taylor 2007). More than 500 plant species 
have been reported for hairy root formation studies and they are characterized by 
uncontrolled, plagiotropic, proliferative and ageotropic type of root growth (Christey 
2001; Sevon and Oksman-Caldentey 2002; Giorgiev et al. 2007; Giorgiev et al. 
2012).  
Combined merits of both cell suspension culture and whole plant cultivation for 
secondary metabolite production are found in the hairy roots (Christey 2001; Sevon 
and Oksman-Caldentey 2002; Giorgiev et al. 2012; Bansal et al. 2014). For the large 
scale production of root derived secondary metabolites, hairy roots are preferred 
method as they show enhanced growth and genetic stability along with potential of 
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synthesizing higher levels of secondary metabolites (Giri and Narasu 2000; 
Srivastava and Srivastava 2007; Thimmaraju et al. 2008; Giorgiev et al. 2012). The 
applications of hairy root cultures in the field of biotechnology are wide and varies 
from the production of secondary metabolites, metabolic engineering, 
biotransformation, bioremediation to rhizospheric interaction studies (Christey 2001; 
Giri and Narasu 2000; Ono and Tian 2011; Giorgiev et al. 2012). Comprehensive 
literature is available on the use of hairy roots for production of pharmaceutically 
important compounds such as camptothecin (anticancer), taxane (anticancer), 
glycyrrhizic acid (anti-inflammatory) and rosmarinic acid (antioxidant) (Zhou et al. 
2011; Khojasteh et al. 2014).  
Plants belonging to the family Lamiaceae are potential reserves of polyphenolics that 
have various biological activities (Srivastava et al. 2014). Rosmarinic acid (RA) is a 
caffeic acid derivative and is known to have antioxidant potential higher than 
Vitamin E (Park et al. 2008). It is reported to have antioxidant, chemoprotective, 
anti-inflammatory, neuroprotective, hypoglycemic and antiproliferative-like 
biological activities (Petersen et al. 2009; Buglakov et al. 2012; Petersen 2013; 
Khojasteh et al. 2014; Srivastava et al. 2014) . Hairy roots derived from plants 
belonging to family Lamiaceae such as Salvia miltiorrhiza (Chen et al. 1999; Chen et 
al. 2001; Yan et al. 2006; Xiao et al. 2011), Nepeta cataria (Lee et al. 2010), 
Agastche rugosa (Lee et al. 2008, Nourozi et al. 2014), Coleus forskohlii (Li et al. 
2005) and Coleus blumei (Bauer et al. 2009) have been extensively studied for 
rosmarinic acid production, elicitation, biosynthetic pathway and bioactivity related 
studies. However, a closer survey of the literature revealed only two reports on hairy 
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roots of O. basilicum by Tada et al. (1996) and Bais et al. (2002) for RA production 
and its antimicrobial activity marking its suitability for hairy root exploration studies. 
In the previous chapter 2, both aerial and root parts in the selected cultivars of O. 
basilicum were identified to be equally potential reserve of rosmarinic acid. Further, 
to enhance the production level of rosmarinic acid in the selected cultivars of O. 
basilicum, hairy roots are an efficient alternative. Thus, in this chapter hairy root 
cultures of O. basilicum were developed for studying potential of hairy roots for 
enhanced production of rosmarinic acid.  
Inter and intra-clonal morphological and biochemical variability is reported for the 
hairy root lines derived from the same plant as observed by Mallol et al. (2001) in 
transformed hairy roots of Panax ginseng, Batra et al. (2004) in transformed roots of 
Catharanthus roseus, Chaudhuri et al. (2005) in transformed roots Tylophora indica, 
Bandyopadhyay et al. (2007) in transformed roots Withania somnifera, Thimmaraju 
et al. (2008) in transformed roots of  Beta vulgaris and Weremczuk-Jezyna et al. 
(2013) in transformed roots of Dracocephalum moldavica. The reasons for 
phenotypic diversity are correlated with TL and TR-DNA insertion, its copy number 
and position (Amselem and Tepfer 1991; Chriqui et al. 1996; Mallol et al. 2001; 
Bandyopadhyay et al. 2007). Moreover, a distinct relationship between root 
phenotype and metabolite content was also reported by Mallol et al. (2001) who 
found thin morphotypes of Panax ginseng produced lesser amount gingensoside in 
comparison to its thick morphotype. In addition to the morphological traits, the 
physiological state, endogenous auxin content of hairy root cultures and medium 
nutrient level, are also correlated with the metabolic diversity and content (Tada et 
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al. 1996; Bais et al. 2001b; Thimmaraju et al. 2008). These parameters thus support 
the importance of characterization of the developed hairy root lines for their 
selection and further studies.  
The aim of the present chapter was to establish, screen and select promising hairy 
root lines of O. basilicum for RA production. It was achieved by five major 
objectives for the development, screening and selection of hairy root lines of O. 
basilicum. The objectives were:  a) A. rhizogenes mediated transformation of the 
three selected cultivars of O. basilicum (B 12 and B 13 as high RA producers and B 
3 as low RA producer) for the development of hairy roots, b) confirmation of the 
transgenic nature of the developed hairy root lines, c) their morphological and 
biochemical characterization for variation studies at five different ages, d) correlation 
between morphology, endogenous auxin and RA content and e) to study the 
advantages of transformed hairy root lines over non-transformed roots of O. 
basilicum for RA production. 
3.2 Materials and Methods 
3.2.1 Seed sterilization and in vitro germination 
Seeds of the three selected cultivars (from chapter 2 B 3, B 12 and B 13) were first 
rinsed in 0.1 % (v/v) Tween 20 (Sigma, Bangalore, India) for 3 min, then with tap 
water to remove excess detergent, followed by surface sterilization with two washes 
in 0.01 % HgCl2 (Sigma, Bangalore, India)  for 2 min each. The surface sterilized 
seeds were finally washed with sterile distilled water. After sterilization, the seeds 
were placed on autoclaved Murashige and Skoog (MS) medium containing 30 g/ L 
Chapter 3 
100 
 
sucrose (Himedia, Mumbai, India) and 2.5 g/ L Phytagel™ (Sigma-Aldrich, St. 
Louis, U.S.A.) with pH adjusted to 5.8. The Petri plates (Tarsons, New Delhi, India) 
were then incubated in the dark in a plant growth room at 25 ± 2 °C at 60 % relative 
humidity for seed germination. After 10-15 d, germinated seedlings of each cultivar 
were transferred to fresh MS media plates and grown for three weeks in a plant 
growth room at 25 ± 2 °C with photoperiod of 16 h light and 8 h dark, 60 % relative 
humidity and a photon flux intensity of 100 − 120 μM m−2 s−1. Young leaves, 
hypocotyls and cotyledons from the three week old plants of each cultivar were then 
used for transformation studies.  
3.2.2 Bacterial strains 
Four different Agrobacterium rhizogenes strains were used for the hairy root 
development studies of O. basilicum. Two agropine producing strains namely: A. 
rhizogenes A4 (Petit et al. 1983) and A. rhizogenes strain ARqua1- pTSC5 (Quandt 
et al. 1993; Cseke et al. 2007), a mannopine producing strain; A. rhizogenes 8196 
(Hansen et al. 1991) and a nopaline producing strain; A. rhizogenes 11325 (Huang et 
al. 1991) were used in this study. A. rhizogenes strains ARqua1- pTSC5 and 11325 
were the kind gift from Late Prof Gopi K Podila (University of Alabama, Huntsville, 
U.S.A.) while the other two strains were kindly provided by Prof David Tepfer 
(INRA, France). The glycerol stocks of all the strains were revived on YMB medium 
(Yeast extract; 5.0 g/ L, Mannitol; 8.0 g/ L, Casein hydrolysate; 0.5 g/ L, 
Ammonium sulphate; 2.0 g/ L and Sodium chloride; 5.0 g/ L with pH maintained at 
6.6, all obtained from Himedia, Mumbai, India) at 28 °C in an incubator-shaker 
(Kuhner Shaker, Basel, Switzerland) for 24 h. The revived cultures were then 
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streaked clockwise on YMA (Yeast Mannitol Agar) plate (Himedia, Mumbai, India) 
and incubated for two days at 28 °C (Petit and Tempe 1978) in an incubator (ET-
650-8, Lovibond, Dortmund, Germany) and used for transformation studies. The 
YMA media plates used for growth of A. rhizogenes strain ARqua1-pTSC5 were 
supplemented with 100 mg/ L of kanamycin and streptomycin (Himedia, Mumbai, 
India). 
3.2.3 A. rhizogenes mediated transformation: Direct injury method 
The different explants such as young leaf, hypocotyl and cotyledon, from the three 
week old in vitro germinated seedlings of all the three selected cultivars were used 
for the hairy root induction study. A direct injury method (Giorgiev et al. 2007) was 
used for infection of all the explants. Briefly, a single bacterial colony was picked 
using a sterile needle (25 gauge, DispoVan, New Delhi, India) from a two day old 
plate of A. rhizogenes and all the explants were gently infected with the bacterial 
colony. Infected explants were placed on MS (Murashige and Skoog) media plate 
supplemented with 3 % (w/v) sucrose and 100 mM acetosyringone (Sigma-Aldrich, 
St. Louis, U.S.A.). Approximately, 10 -15 infected explants were placed on MS 
media plate covered with a autoclaved filter disc (Whatman No., 1, 85 mm) with 
three replicates. Similar steps were repeated for all the three cultivars of O.basilicum 
(B 3, B 12 and B 13) for all the four A. rhizogenes strains. The plates with the 
infected explants were then incubated in dark in a plant growth room at 25 ± 2 °C at 
60 % relative humidity. After 10 - 20 d the infected explants were observed for hairy 
root induction. 
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3.2.4 Removal of redundant bacterium from the positive explants 
The positive explants showing root induction were transferred to MS broth 
supplemented with 3 % (w/v) sucrose and 500 mg/ L cefotaxime (Omnatax, Abbott 
Healthcare Pvt. Ltd., Mumbai, India) for 24 hrs at 28 °C in a incubator shaker 
(Kuhner Shaker, Basel, Switzerland). For the next two days, the cefotaxime 
concentration was decreased to 250 mg/ L and 100 mg/ L for washing of the 
explants. The cefotaxime treated positive explants were then transferred to MS broth 
supplemented with 3 % (w/v) sucrose and observed for any bacterial growth. 
Bacterium free positive explants were then transferred to MS medium with 3 % 
(w/v) sucrose and 2.5 % (w/v) Phytagel™ (Sigma-Aldrich, St. Louis, U.S.A.), pH 
5.8 and were kept in the dark at 26 °C in an incubator (ET-650-8, Lovibond, 
Dortmund, Germany). After two weeks, the putative transformants were transferred 
to fresh MS medium with no growth hormones or cefotaxime and were grown 
further for four weeks.   
3.2.5 Stabilization of root lines on MW and M media 
After four weeks of growth on MS medium, the putative root tips were excised from 
the positive explants and transferred to modified White’s (MW) medium 
supplemented with 2 % (w/v) sucrose (Becard and Fortin 1988; Puri and Adholeya 
2013). The root cultures were stabilized on MW medium for four weeks and later 
transferred to Minimal (M) medium supplemented with 1 % (w/v) sucrose (Becard 
and Fortin 1988; Puri and Adholeya 2013). The root cultures were maintained on M 
medium and used for morphological and biochemical characterization and 
confirmation studies. 
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3.2.6 Confirmation of putative transformants  
3.2.6.1 DNA extraction and PCR studies 
Before confirmation of the putative transformants by polymerase chain reaction 
(PCR) studies, the root tips stabilized on M medium were gently crushed in 1.5 mL 
sterile eppendorf tubes  (Tarsons, New Delhi, India) and the root bits were placed on 
YMA media to observe the presence of any bacterium. The roots which showed no 
bacterial growth were used for PCR confirmation studies. 
To confirm the transfer of Ri T-DNA from the bacterium to the host plant cell, PCR 
using primers for the rol a and rol b gene located on the TL region and aux 1 and aux 
2 gene located on the TR region of T-DNA was performed. For this, total genomic 
DNA was isolated from 100 mg of freshly harvested transformed roots using the 
DNeasy Plant Mini Kit (QIAZEN, GmbH, D-40724 Hilden, Germany).The genomic 
DNA was quantified using NanoDrop 2000 (Thermo Scientific, Wilmington, 
U.S.A.). Similar steps were repeated for extracting DNA from a non-transformed 
root sample to be used as the negative control. For the positive control the plasmid 
DNA from A. rhizogenes A4 was isolated using a commercial High-Speed Plasmid 
Mini Kit, (Geneaid, PD 100/ 300, Taiwan). PCR was performed using rol a 
(forward- 5′AGA ATG GAA TTA GCC GGA 3′ and reverse-5′ GTA TTA ATC 
CCG TAG GTT TGT TT 3′), rol b (forward- 5′ TGA CTA TAG CAA ACC CCT 
CCT 3′ and reverse-5′ACT TGC GAA AAT GGC GAT GA 3′), aux 1 (forward- 5′ 
GTT TCG TCG TGT GCA CCA T 3′ and reverse-5′AGC CGC ACG TTA TCC 
TCA TA 3′) and aux 2 (forward- 5′ CGA ATC GCT CTG ACA ACC TC 3′ and 
reverse-5′ ATA GTT CCG GTA AGC CCC AC 3′) primers (xcelris genomics, 
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Ahmedabad, India). Absence of the bacterial gene in the transformed root samples 
was confirmed by absence of the vir c region in the positive sample using a primer 
specific to this  region (forward- 5′ ATC ATT TGT AGC GAC T 3′ and reverse-
5′AGC TCA AAC CTG CTT C 3′). All the primers were designed using Primer 3 
software (Untergrasser et al. 2012). The PCR mixture (20 μL) contained 
approximately 50 ng of DNA as the template, 1 × PCR buffer, 1 μM of each primer, 
2.5 mM of dNTPs and 1 unit of Taq DNA polymerase (Invitrogen, Thermo 
Scientific, Bangalore, India). PCR was carried out by initial denaturation at 94 ºC for 
3 min followed by 35 cycles of 35 secs denaturation at 94 ºC, 30 seconds annealing 
at 60 ºC and 35 seconds extension at 72 ºC with a final extension of 72 ºC for 5 min 
using a thermal cycler (The Applied Biosystems® Veriti®, Life technologies, New 
Delhi, India). The bands were visualised by resolving 5 μL of the PCR product on 
ethidium bromide stained 1 % agarose gel (Himedia, Mumbai, India) and 
documented on FluorChem E and M Imagers (protein simple, San Jose, U.S.A.). 
3.2.6.2 GUS histochemical assay 
The presence of GUS (β- glucuronidase activity) expression in transformed (A. 
rhizogenes strain ARqua1 pTSC5) and non-transformed roots were determined 
histochemically according to Jefferson et al. (1987). The roots were placed in 1 mM 
X-GLUC (5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid cyclohexylammonium 
salt, Himedia, Mumbai, India) solution prepared in 50 mM NaH2PO4 (Qualigens, 
Mumbai, India) and incubated at 37 °C for 12 h followed by washing with sterile 
water and examination under Light stereo microscope (SZ16, Olympus, Japan) to 
detect blue spots in the root samples. 
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3.2.7 Test for gene functionality in confirmed transformed root lines 
To confirm the presence of active aux 2 gene in the developed transformed root 
morphotypes and its correlation with the morphotypes obtained, the transformed 
roots were inoculated and kept for 15 d on M medium supplemented with 0.2 mg/ L 
Napthalene Acetamide (Sigma, Bangalore, India). Metabolically, the gene product of 
an active aux 2 converts naphthalene acetamide (NAM) to naphthalene acetic acid to 
form callus. The developed roots were observed for callus formation for positive aux 
2 activity (Amselem and Tepfer 1992). 
3.2.8 Growth kinematics, growth index and root phenotyping studies 
For the selection of developed hairy root lines against total phenolic, CA and RA 
content, growth kinematics of each confirmed root lines was set up. To 35 mL of the 
M media in the  90 mm diameter Petri plate, three to four root tips of each root line 
was inoculated and incubated for 20, 30, 40, 50 and 60 d respectively with five 
replicates for each root line at 26 °C in an incubator (ET 650-8, Lovibond, 
Dortmund, Germany). Untransformed plant roots were used as the control at all set 
time points. For untransformed roots, plants of each cultivar were grown in an in 
vitro system as described in chapter 2 of this thesis on M medium. After every set 
time, roots were harvested into 10 mM sodium citrate buffer (Doner and Becard 
1991) to deionise phytagel using an incubator shaker (Kuhner Shaker, Basel, 
Switzerland) at 25 °C for 60 min at 100 rpm. Deionised roots were further washed in 
distil water and then blot dried on a filter disc (Whatmann No. 1) to completely 
remove the extra water and then the fresh weight was recorded. The Growth Index 
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(GI) of the developed root lines was also calculated using the formula: GI = (Final 
fresh weight - Initial fresh weight) / Initial fresh weight × 100).  
To study the phenotypic diversity of the transformed roots, the freshly harvested 
transformed root lines at every time point were recorded for root diameter , root 
length and number of root tips using an image analysis software WinRHIZO® 
(version Pro2007; Regent Instruments Inc, Quebec, Canada) and a scanner (EPSON 
Perfection V 700, Delhi, India). The transformed roots were also recorded for 
hairiness, density of hairiness, branching pattern and color. The characterized roots 
were harvested and lyophilized (Labconco lyophilizer, Kansas City, U.S.A.), their 
dry weight was recorded and then they were subjected to extraction.  
3.2.9 Extraction for total phenolics, caffeic and rosmarinic acids content 
Total phenolics, caffeic and rosmarinic acids content were determined in the extracts 
prepared by homogenizing 25 mg of the lyophilized root in 500 μL of 60 % (v/v) 
ethanol (AR grade, Merck, Mumbai, India) in water. To the homogenized mixture, 
14.5 mL of 60 % ethanol was added and the mixture was sonicated (B3510E-DTH, 
Branson Ultrasonics, Danbury, U.S.A.) at 25 °C for 10 min. The sonicated extract 
was then centrifuged (HeraeusTM BiofugeTM StratosTM Centrifuge, Buckinghamshire, 
England) at 10,000 rpm for 5 min and the supernatant was collected in a 25 mL 
volumetric flask (Borosil, New Delhi, India) and the left over residue was re-
extracted in 10 mL of 60 % ethanol for five min and then centrifuged as previously 
described. The supernatant was then pooled in volumetric flasks that contained the 
first fraction and the final volume was made up to 25 mL with 60 % ethanol. The 
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extracts were then filtered and used for total phenolics and stored in the dark at -80 
°C in HPLC vials for caffeic acid and rosmarinic acids quantification. 
3.2.10 Quantification of Total phenolics 
For the quantification of total phenolics, Folin- Ciocalteau colorimetric assay 
(Singleton and Rossi 1965) was used. Briefly, to 1 mL of the methanolic extract, 4 
mL of distilled water, 2.5 mL of Folin Ciocalteau reagent (SRL, Ranbaxy, Delhi, 
India), 1.25 mL of 2.1 % aqueous sodium carbonate (Qualigens, Mumbai, India) was 
added and incubated in the dark for 30 min and absorbance of the resulting mixture 
was taken at 735 nm using UV-Vis Spectrophotometer (UV- Vis 2450, Shimadzu, 
Kyoto, Japan) against the same mixture without sample. The total phenolic 
concentration was quantified from a standard curve prepared for gallic acid (Sigma, 
Bangalore, India) within the range of 20 - 100 mg/ L and the final concentration of 
total phenolics in the sample was reported as gallic acid equivalents (GAE mg/ g 
DW). 
3.2.11 Quantification of Caffeic acid (CA) and Rosmarinic acid (RA): HPLC 
analysis 
Chromatographic analysis of the root extracts was carried out using HPLC (CBM- 
20A, Shimadzu, Kyoto, Japan), equipped with a quaternary pump (LC - 20AT), 
solvent degasser system (DGU - 20 A5), autosampler (SIL – 20A) and diode array 
detector (SPDM – 20A). Inbuilt software (Shimadzu, LC solution) was used to 
control the HPLC pump and acquire data from the diode array. A C18 Phenomenex 
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column (Gemini- NX 250 mm × 4.6 mm × 5μm particle diameter) was used for the 
analysis. 
For separation of individual polyphenolics, the mobile phase used was HPLC grade 
water + 0.1% (v/v) ortho Phosphoric Acid (OPA) in water (Mobile phase A) and 
Methanol (HPLC grade, Merck, Mumbai, India) + 0.1 % OPA (v/v) in methanol 
(Mobile phase B). A gradient program was developed for CA and RA quantitation: 0 
- 2 min isocratic 0 % B, 2 - 5 min linear gradient to 40 % B, 5 - 10 min a linear 
gradient to 50 % B, from 10 - 18 min isocratically maintained at 50 % B and 18 - 23 
min a decreasing gradient from 50 % to 40 % and finally from 23 - 25 minute 0 % B 
for column washing. The flow rate of the mobile phase was 1.0 mL/ min and 
the wavelength used for detection 280 nm with an injection volume of  20 μL. 
Unknown samples were identified by comparison of  retention times with those of a 
commercial standard of RA and CA (Sigma, Bangalore, India). Quantification of the 
samples was determined by comparison of integrated peak area for each sample with 
a standard calibration curve prepared for RA and CA over a concentration range 
from 20 -100 mg/ L. 
3.2.12 Extraction and quantification of endogenous IAA in hairy root extracts 
To correlate root morphology with the auxin content, endogenous IAA (Indole acetic 
acid) content was determined in extracts obtained using the method of Thimmaraju 
et al. (2008). To prepare the extracts, 250 mg of fresh hairy root was homogenized to 
a fine powder in a mortar and pestle in liquid nitrogen and suspended in10 mL 
methanol and centrifuged (HeraeusTM BiofugeTM StratosTM Centrifuge, 
Buckinghamshire, England) at 10,000 rpm for 5 min. The residue was then re-
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extracted with 10 mL methanol and the total extract was evaporated to dryness using 
a Rotavapor (CH-9230, Buchi, Flawil, Switzerland). The residue was made alkaline 
(pH 8.5) by adding 10 mL of cold 0.5 M K2HPO4 (Qualigens, Mumbai, India). The 
contents were then transferred to a separating funnel and shaken with 10 mL of 
petroleum ether (AR grade, Merck, Mumbai, India) twice; the aqueous layer was 
collected and mixed with 10 mL diethyl ether (AR grade, Merck, Mumbai, India). 
The lipid fraction was discarded and the pH of the aqueous layer was adjusted to 3.0 
by adding 3 mL of phosphoric acid (2.8 M). IAA was extracted using another 10 mL 
diethyl ether, which was re-extracted with 10 mL of 50 mM K2HPO4. After adjusting 
the pH to 3.0 using phosphoric acid (0.28 M), the IAA was extracted into a final 10 
mL diethyl ether. The ether was evaporated to dryness under vacuum and the residue 
was dissolved in 2 mL cold methanol and used for HPLC analysis. IAA content was 
determined by using an isocratic method: Methanol + 0.1 % OPA and HPLC grade 
water + 0.1 % OPA (40:60) with a flow rate 1.0 mL/ min and absorbance of 280 nm. 
IAA concentration in the samples was determined in comparison to a standard curve 
of commercial standard (Himedia, Mumbai, India) at concentration of 20 -100 mg/ 
L. 
3.2.13 Statistical analysis 
All data presented in this study is expressed in terms of mean ± SEM. Raw data was 
analyzed using a commercial statistical package (GraphPad Prism 6). One way 
analysis of variance with a Tukey’s HSD test of significance at p ≤ 0.05, p ≤ 0.01 
and p ≤ 0.001 was used to determine the variation of quantified morphological traits, 
total phenolic content, caffeic acid and rosmarinic acid content, and endogenous 
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auxin content in the developed transformed root lines at specific age and between 
ages for specific hairy root lines. Correlation between total phenolic and rosmarinic 
acid and endogenous auxin and phenotypic root characters was tested using the 
Pearson test at a significance level of 0.05.  
3.3. Results  
3.3.1 Establishment of transformed hairy root lines 
Four different strains of A. rhizogenes synthesizing three different types of opine 
namely agropine, nopaline and mannopine were used in this study. All strains were 
of wild origin except A. rhizogenes strain ARqua1- pTSC5 which is a Smr 
(Streptomycin resistant) derivative of A. rhizogenes A4 and possesses a GUS 
reporter gene (Quandt et al. 1993; Cseke et al. 2007).  
Before setting up the main transformation experiment two preliminary experiments 
were performed. The first experiment was to identify the optimum age of the 
bacterium and explants for the transformation studies and the second experiment, 
was to screen all bacterial strains against their transformation efficiency. It was 
found in these preliminary experiments that two day old bacterial cultures and four 
week old explants were best for transformed root development. Except for A. 
rhizogenes 8196, which was not used in further experiments, all other bacterial 
strains were capable of inducing hairy roots in the explants of the B 3 cultivar of O. 
basilicum. 
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3.3.2 Transformation efficiency and characterization of positive explants  
The time taken by explants for root induction was observed to be different in the 
three A. rhizogenes strains selected for transformation studies. Bacterial strain A. 
rhizogenes A4 (agropine producing) induced hairy roots within seven days in B 3 
and ten days in B 12 and B 13 where as with A. rhizogenes ARqua1- pTSC5 and A. 
rhizogenes 11325 root induction was found after 15 d. Generally, for all the three 
cultivars studied young leaf explants were observed to be more rapidly induced in 
comparison with hypocotyls and cotyledon. B 3 was observed to show high 
transformational efficiency in comparison to B 12 and B 13 for each of the three 
strains (Figure 3.1). In the B3 cultivar, A. rhizogenes strains A4, ARqua1- pTSC5 
and 11325 showed no significant difference in transformational efficiency at p ≤ 0.05 
for young leaves and cotyledons and similar observation were made for the B12 
cultivar for all the three explants used. In the B13 cultivar, no positive explants were 
observed for hypocotyl and cotyledon explants for the A. rhizogenes ARqua1- 
pTSC5 and A. rhizogenes 11325 strains (Figure 3.1).  
The results of direct infection method set for induction of hairy roots in the three 
selected cultivars with A. rhizogenes strain A4 are shown in Figure 3.2. Similar 
results were obtained with other two strains after 15 d. No root emergence was 
observed in the control explants for all the cultivars (Figure 3.2 a; B 3, 3.2 c; B 12, 
3.2 e; B 13).  
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Figure 3.1.  The percentage of hairy root induction in three different explants of 
three cultivars (B 3, B 12 and B 13) of O. basilicum using three different strains 
of A. rhizogenes. Data is represented as the mean of the positive explants obtained 
after transformation for each set (n = 45, explants and bacterium). Transformation 
efficiency obtained for three different strains was A4 ̴ ARqua1- pTSC5 > 11325 for 
all the cultivars. Response of plant explants was Young leaves > Hypocotyls > 
Cotyledons in all the cultivars. B 3 was found to show highest transformation 
efficiency (%) for leaves in all the strains used in this study (70 %, 70 % and 60 %). 
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Figure 3.2. Observation of the direct injury experiment set for transformation 
of B 3, B 12 and B 13 cultivar of O. basilicum using A.rhizogenes A4 after 7 d (B 
3) and 10 d (B 12 and B 13). Left panel of the figure shows the control Petri plates 
containing leaves explant of B 3, B 12 and B 13 respectively (a; c; e). Right panel of 
the figure shows positive leaves explant characterized by root emergence at the 
infected site for B 3, B 12 and B 13 (b; d; f) respectively. Scale bar = 1.8 cm.  
Those explants which showed positive root induction had profuse new roots 
emerging from the infection site (Figure 3.3).  
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Figure 3. 3. Positive cotyledon and leaf explants of B 3 (a), B 12 (b) and B 13 (c) 
cultivars of O. basilicum. Root emergence was observed at infected site (shown by 
white colored arrow) on the midrib of the leaf for all the cultivars. Root for all 
cultivars was hairy and showed ageotropic and profused growth. Scale for a = 0.2 
cm, b and c = 0.5 cm.  
For hypocotyl explants of each of the cultivars necrosis and callusing was observed 
in those that were induced to form roots (Figure 3.4).On later subcultures it was 
observed that the roots excised from the induced hypocotyls were half the diameter 
of the other explant types and were very slow growing.  
 
Figure 3.4. Positive hypocotyl explants of B 3 (a), B 12 (b) and B 13 (c) cultivars 
of O. basilicum. Root emergence was observed at infected site (shown by white 
colored arrow). Roots for all cultivars were very hairy and very thin. Callusing was 
also observed (Scale = 0.5 cm). 
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Callusing was also observed in some of the leaf explants of all cultivars (Figure 3.5)  
 
Figure 3. 5. Positive leaf explants of B 3 (a), B 12 (b) and B 13 (c) cultivars of O. 
basilicum showing callusing at the site of infection (shown by white arrow).  
Scale of a and b = 0.5 cm, c = 0.15 cm. 
All putative hairy root transformants showed profused, plagiotropic, ageotropic and 
hormone independent type of root growth. Hairy root line derived from a single 
infected explant was considered as a single root line. The hairy root lines obtained 
from A. rhizogenes 11325 were very thin and slow growing and did not survive after 
antibiotic treatment and the stabilization process. Thus, A. rhizogenes 11325 derived 
hairy root lines were not used further in the study. After antibiotic treatment and sub 
culturing, in total 11 (6 from A4 and 5 from AR) different types of root lines were 
obtained from B 3, 4 (2 from A4 and 2 from AR) from B 12 and 7 from B 13 (3 from 
A4 and 4 from AR). As A. rhizogenes strain ARqua1- pTSC5 is derivative of A4, the 
A. rhizogenes ARqua1- pTSC5 derived lines were not used further in the study. 
Thus, in total three hairy root lines from B 3, one from B 12 and three root lines from 
B 13 were further selected on the basis of their growth for confirmation of Ri T-DNA 
integration, growth kinetics, morphotyping and metabolite production studies. 
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3.3.3 Ri T-DNA integration, molecular characterization and test of gene 
functionality 
3.3.3.1 GUS histochemical assay 
Root induction was obtained after transformation with A. rhizogenes ARqua1- 
pTSC5 which harbors GUS reporter gene that converts indigogenic substrate; X-
Gluc to a blue product. The ease of performing this histochemical assay makes it 
suitable for quick screening of the positive transformants. In total, five root lines 
from B 3; two from B 12 and four from B 13 were derived after transformation with 
A. rhizogenes ARqua1- pTSC5. All root lines after cefotaxime washing and 
stabilization on MS medium (age four weeks) were subjected to GUS assay. All 
positive root lines obtained were found to form blue color after incubation with X-
Gluc overnight while control root (non transformed roots) showed no color 
conversion indicating absence of endogenous GUS activity (Figure 3.6 a). 
Microscopic view of the positive explants showed high abundance of blue colored 
root hairs on their surface (Figure 3.6 b, c, d). 
 
Figure 3.6. A. rhizogenes ARqua1- pTSC5 transformed root line of cultivars of 
O. basilicum containing the GUS reporter construct. a) A representative example 
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of GUS reporter gene screening used to identify roots harboring pTCS5 GUS 
reporter construct. Transformed roots appear blue (T) in color while normal (C) roots 
showed no color change after incubation with X Gluc. b - d) shows light microscopic 
images of GUS positive transformed root line showing root hairs on surface to be 
blue in color. Scale of a = 0.5 cm, b = 100 μm. 
 3.3.3.2 Confirmation of putative transformants by PCR 
Putatively transformed hairy root lines produced by A. rhizogenes A4 were used for 
confirmation studies. Before molecular analysis of the developed transgenic root 
line, the absence of any residual bacterial contamination was tested by placing all 
root bits on YMA plates. The plates were observed after two days for bacterial 
growth and no bacterial growth was found in all seven A4 developed hairy root lines 
(Figure 3.7). 
 
Figure 3.7. Preliminary confirmation of the absence of residual bacterium in the 
developed hairy root lines. a. Control A. rhizogenes A4 plate after two days, b. HR 
1 - HR 7 are the seven selected hairy root lines. No bacterial growth was observed on 
YMA after two days of incubation at 28 °C. Scale of a = 1.28 cm and b = 3.6 cm. 
HR3 
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The absence of growth of bacteria on YMA confirms the absence of A. rhizogenes in 
the root lines. These root lines were further used for DNA extraction studies. DNA 
was extracted from each of the hairy root line (Figure 3.8) and genomic DNA 
isolated was quantified before PCR studies.   
 
    Figure 3.8. Genomic DNA band produced following extraction from each of the 
selected root lines (HR1 – HR 7). Amount of DNA extracted for each root line was 
HR1 = 30.6 ng/ μL, HR 2 = 48.0 ng/ μL, HR 3 = 46.7 ng/ μL, HR 4 = 33.9 ng/ μL, 
HR5 = 32.6 ng/ μL, HR 6 = 42.3 ng/ μL and HR 7 = 18.8 ng/ μL.  
T-DNA of A rhizogenes strain A4 consists of two main regions, TL-DNA and TR-
DNA. The rol genes located on the TL region play a critical role in root induction 
while expression of aux genes located on the TR region are correlated with the root 
phenotype obtained (Amselem and Tepfer 1992; Tiwari et al. 2008). To confirm the 
integration of TL and TR-DNA into host plant genome after transformation, primers 
for both the regions were developed. Amplification of aux genes was also performed 
to examine the correlation between the root morphology and auxin gene presence.  
All developed root lines were confirmed for transformation by PCR analysis using 
rol b, rol a, aux 1 and aux 2 specific primers. Specific amplicons for rol b at 394 bp, 
rol a 308 bp, aux 1 at 397 bp and aux 2 at 394 bp were found in all samples (Figure 
3.9) as in bacterial (B) samples (positive control). No amplification was observed in 
the untransformed (U) root samples (negative control). Presence of redundant 
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bacteria was examined by using a primer specific to the vir c region of A. rhizogenes. 
No amplification of the vir c was found in the hairy root sample; however the 
positive control showed the amplification at the expected size of ̴700 bp.  
 
Figure 3.9. Confirmation of the transgenic nature of hairy root lines by PCR 
analysis. Lane 1 represents DNA marker (100 bp) for each primer. B = Positive 
control, U = Negative control, 1 - 7 = HR 1 - 7 (test samples of developed root lines). 
Size of bands are as follows: rol b (394 bp), rol a (308 bp), vir c ( ̴ 700 bp), aux 1 
(397 bp), aux 2 (380 bp) gene in positive and test samples. Please note that the band 
result of vir c is that of primer dimer formation (lower band in HR 1 – 7). 
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3.3.4 Test of gene functionality: expression of the aux 2 gene 
The presence of aux 2 gene expression in each of the transformed lines was also 
tested.  The root tips were placed on medium supplemented with 0.2 mg /L 
Napthalene acetamide (NAM). All seven root types were observed to show callusing 
after 15 d (Figure 3.10), confirming the presence of active aux 2 genes and formation 
of the auxin which in section 3.3.7 was correlated with the root morphotype. 
Expression of aux 2 also is correlated with callus formation in root lines and was 
found to be highest in HR 4. Root lines derived from B 3 (HR 1, 2 and 3) and B 13 
(HR 5, 6, 7) showed similar but lower callus formation showing that the level of aux 
2 expression depends on the cultivar used for the transformation study. It can be 
further concluded that hairy roots developed from single cultivar were similar to 
each other in terms of aux 2 activity. 
 
Figure 3.10. Development of callus in each of the transformed root lines 
expressing aux 2. Callusing was observed in all root lines showing that the aux 2 
gene product was present and active in all root lines. Representative figures of HR 4 
(a) and HR 6 (b). Arrow in the figure indicates callus formation in the root lines. 
Scale = 0.5 cm. 
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3.3.5 Growth studies on the seven transformed hairy root lines 
3.3.5.1 Fresh weight and Dry weight 
All confirmed hairy root lines were studied for growth analysis after 20, 30, 40, 50 
and 60 d of establishment. Root biomass increased from 20 d to 60 d in all samples 
with 60 d samples showing the highest biomass. At 60 d, HR 2 (574.93 ± 13.84 mg) 
and HR 4 (594.66 ± 17.54 mg) were found to show higher fresh biomass in 
comparison to the other five and lowest biomass was found for HR 6 (249.76 ± 16.32 
mg). HR 2 and HR 4 were also observed to have highest biomass in comparison to 
all other root lines at all ages. B 13 derived root lines (HR 5, 6 and 7) showed lowest 
fresh biomass for all ages. HR 2 obtained from B 3 showed a significant difference 
from other two root lines obtained from the same cultivar. On the basis of fresh 
weight HR 6 was identified as lowest producer at all time points except 50 d  and HR 
2 and HR 4 as high biomass producer  (Table 3.1 a). 
Observation made for dry weight analysis was similar to fresh weight analysis. Dry 
weight is a measure of biomass after complete removal of water. Lyophilization was 
used as a method for drying of roots in this study. HR 2 (60 d; 114.33 ± 2.11 mg) 
and HR 4(60 d; 116.60 ± 3.44 mg) showed highest dry weight biomass at all ages in 
comparison to all other root lines (Table 3.1 b). HR 5, 6 and 7 showed lowest dry 
weight among all other root lines. It can be concluded on the basis of fresh and dry 
weight analysis that B 3 and B 12 derived root lines (HR 1, 2, 3 and 4) produces high 
biomass while B 13 derived roots are low producers.  
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Table 3.1. Fresh weight and Dry weight (mg) obtained from the seven transformed hairy root lines at various times 
after plating onto Minimal (M) medium.* 
 
* Data represented as mean ± SEM of each of three replicates (n = 3) in mg. Different letters indicate significant 
differences (p ≤ 0.05, p ≤ 0.01) between ages for specific hairy root lines according to Tukey’s HSD. 
 
Days (d) 
(a) Hairy root lines and fresh weight (mg) 
 
HR 1 HR 2 HR 3 HR 4 HR 5 HR 6 HR 7 
20 121.65 ± 6.58d 177.67 ± 5.47d 102.86 ± 8.70c 108.15 ± 4.83c 18.9 ± 0.64e 13.32 ± 1.62c 16.04 ± 1.00d 
30 186.00 ± 14.75cd 236.20 ± 19.94c 121.64 ± 8.08c 284.27 ± 18.00b 84.56 ± 3.84d 58.77 ± 5.85bc 77.00  ± 3.49c 
40 220.35 ± 11.31c 277.20 ± 7.97c 220.75 ± 14.13b 371.28 ± 30.63b 186.06 ± 8.21c 101.92 ± 4.65b 131.41 ± 10.39b 
50 360.90 ± 39.23b 344.13 ± 10.32b 266.15 ± 18.34b 550.49 ± 13.07a 218.54 ± 7.65b 229.62 ± 13.80a 165.81 ± 9.33b 
60 480.90 ± 11.03a 574.93 ± 13.84a 414.20 ± 13.44a 594.66 ± 17.54a 254.24 ± 4.64a 249.76 ± 16.32a 253.33 ± 8.31a 
 
Days (d) (b) Hairy root lines and dry weight (mg) 
HR 1 HR 2 HR 3 HR 4 HR 5 HR 6 HR 7 
20 27.03 ± 1.46d 34.37 ± 1.67d 24.97 ± 2.11c 24.03 ± 1.07d 4.50 ± 0.15e 3.70 ± 0.45c 4.17 ± 0.26d 
30 41.33 ± 3.28cd 57.03 ± 0.59c 27.90 ± 1.85c 54.67 ± 3.46c 20.13 ± 0.91d 14.33 ± 1.43c 20.00 ± 0.91c 
40 48.97 ± 2.51c 66.90 ± 2.10b 51.10 ± 3.27b 72.80 ± 6.01b 44.30 ± 1.96c 26.13 ± 1.19b 34.13 ± 2.70b 
50 80.21 ± 8.72b 74.23 ± 3.02b 64.60 ± 4.45b 103.87 ± 2.47a 52.03 ± 1.82b 53.40 ± 3.21a 43.07 ± 2.42b 
60 106.87 ± 2.45a 114.33 ± 2.11a 95.00 ± 3.08a 116.60 ± 3.44a 60.53 ± 1.11a 59.47 ± 3.89a 65.80 ± 2.16a 
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3.3.5.2 Growth index 
The relative change in fresh weight (Growth Index) was determined for each of the 
seven root lines. Growth index (GI) was observed to increase with age in all the root 
lines. Variation in values of GI was also observed between the hairy root lines 
derived from the same cultivar (Figure 3.11). Among the HR 1, 2 and 3 root lines 
derived from B3 cultivar of O. basilicum HR 2 showed highest GI except for 50 d in 
comparison to other two root lines of the same cultivar. In B13 derived root lines a 
significant increase in the GI values was observed after 40 d of subculturing. HR 7 
showed highest GI at 20 and 30 d, HR 5 at 40 d and 60 d while for HR 6, highest GI 
was observed at 50 d. At 40 d and 60 d, HR 5 showed highest GI (830.30 ± 41.06 % 
FW, 1171.20 ± 23.21% FW) among all the seven root lines studied. HR 3 was 
observed to show lowest GI at 30 d, 50 d and 60 d.   
 
Figure 3.11. Growth index (% F.W.) of the seven different hairy root lines 
developed in this study at different ages. Bars represent mean ± SEM values for 
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three replicates. Different letters indicate significant differences (p ≤ 0.05) according 
to Tukey’s HSD between different hairy root lines at specific age. 
3.3.6 Root phenotyping 
Phenotyping of the developed hairy roots was done on the basis of quantifiable (root 
length, diameter and number of tips) and qualitative traits (hairiness, density of 
hairiness, color, branching type).  
3.3.6.1 Quantifiable traits     
3.3.6.1.1 Root length 
Root length increased gradually in all the root lines from 20 to 60 d (Table 3.2). HR 
2 and 4 were generally found to show significantly higher root length in comparison 
to all others used in the study while HR 1 and HR 5 were found to have the 
significantly lowest (p ≤ 0.05) root length (60 d) in comparison to all others (Table 
3.2 a).  
3.3.6.1.2 Average root diameter 
At all time intervals, HR 2, 3 and 4 were observed to have a significantly higher (p ≤ 
0.05) root diameter.  HR 2, 4 and 5 were identified as thick roots while HR 6 and 7 
were identified as thin roots. It can be further concluded that B13 forms thin roots in 
comparison to B 3 and B 12 (Table 3.2 b). 
3.3.6.1.3 Number of root tips 
Numbers of root tips are an indication of branching in the root line developed. HR 4 
was observed to show the highest number of tips at all time points followed by HR 7 
and 3 (Table 3.3 c). 
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Table 3.2.Quantifiable phenotyping of the hairy root lines developed in the study at five different ages after 
subculturing.* 
Hairy root 
lines (HR) 
(a) Root length (cm) 
20 d 30 d 
 
40 d 
 
50 d 
 
60 d 
 
HR 1 351.04 ± 13.96a 418.33 ± 25.30c 647.10 ± 19.27c 991.27 ± 79.52bc 1104.77 ± 48.47bc 
HR 2 366.95 ± 8.91a 816.43 ± 45.34a 974.19 ± 30.73ab 1273.86 ± 17.05a 1274.79 ± 68.39ab 
HR 3 245.03 ± 27.70b 521.94 ± 67.36bc 1013.87 ± 14.30a 1024.54 ± 28.41bc 1162.62 ± 27.71abc 
HR 4 238.51 ± 16.70b 818.39 ± 2.66a 1067.34 ± 29.58a 1209.74 ± 44.51ab 1339.54 ± 30.16a 
HR 5 229.92 ± 15.99b 541.31 ± 49.84bc 852.95 ± 47.77b 947.23 ± 25.65c 1039.73 ± 32.75c 
HR 6 217.03 ± 17.04b 472.13 ±15.00bc 935.96 ± 45.29ab 1116.03 ± 65.76abc 1329.94 ± 28.64a 
HR 7 184.56 ± 21.97b 636.15 ± 46.28ab 1030.06 ± 17.83a 1197.66 ± 40.64ab 1288.61 ± 7.62ab 
 
            (b)  Average diameter (mm) 
20 d 
 
30 d 
 
40 d 
 
50 d 
 
60 d 
 
HR 1 0.29 ±.01bc 0.31 ±.01b 0.31 ±.00d 0.32 ±.01c 0.32 ±.01cde 
HR 2 0.37 ±.01a 0.38 ±.00a 0.39 ±.01a 0.41 ±.00a 0.45 ±.02a 
HR 3 0.36 ± .01a 0.36 ±.01a 0.38 ±.01ab 0.39 ±.01a 0.40 ±.01ab 
HR 4 0.33 ±.02ab 0.35 ±.01a 0.35 ±.01cd 0.36 ±.02ab 0.36 ±.01bc 
HR 5 0.25 ±.01c 0.28 ±.01b 0.31 ±.01d 0.32 ±.00c 0.32 ±.01cde 
HR 6 0.20 ±.01d 0.24 ±.00c 0.25 ±.01e 0.28 ±.01de 0.31 ±.01de 
HR 7 0.20 ±.00d 0.24 ±.00c 0.23 ±.00e 0.26 ±.00e 0.27 ±.02e 
 
                                                                       (c) Number of tips 
20 d 
 
30 d 
 
40 d 
 
50 d 
 
60 d 
 
HR 1 658.33 ± 21.87b 786.33 ± 24.69c 1236.00 ± 91.88cd 1694.00 ± 34.18c 1587.00 ± 273.81c 
HR 2 1433.00 ± 63.59a 1374.67 ± 40.86b 1437.67 ± 75.18c 1786.67 ± 102.35cbc 1847.33 ± 47.67bc 
HR 3 378.00 ± 35.22c 735.00 ± 130.77c 1396.67 ± 53.44c 1460.67 ± 40.48cd 1536.67 ± 78.96c 
HR 4 1539.67 ± 31.97a 2069.67 ± 86.90a 2311.00 ± 48.01a 2444.33 ± 73.34a 2856.33 ± 73.42a 
HR 5 470.67 ± 42.67bc 710.00 ± 37.42c 1201.00 ± 31.39cd 1288.33 ± 36.29d 1498.33 ± 14.53c 
HR 6 447.33 ± 27.00c 593.33 ± 5.93c 1046.33 ± 40.68d 1299.67 ± 49.01d 1762.67 ± 55.13bc 
HR 7 535.67 ± 58.30bc 1433.33 ± 70.39b 1742.67 ± 37.38b 2102.33 ± 132.37ab 2279.67 ± 42.44b 
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*Data represented as mean ± SEM of each of three replicates (n = 3). Different letters indicate significant differences (p ≤ 
0.05, p ≤ 0.01) according to Tukey’s HSD between different hairy root lines at specific age. 
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3.3.6.2 Qualitative traits 
The developed roots were also characterized for their qualitative traits by general 
observation (Figure 3.13). Major types observed were thick and hairy (sparse) type 
(Figure 3.12 a), thick and hairy (dense) type (Figure 3.12 b), thin and callusing type 
(Figure 3.12 c) and thin, callusing and hairy (dense) type (Figure 3.12 d).  
 
Figure 3.12. Major hairy root morphotypes developed in the study after 
transformation of the three cultivars of O. basilicum. Hairy root lines were grown 
on M media for 6 weeks. Four major morphotypes were observed. a) thick, hairy, 
sparse type (HR  2 and 4), b) thick, hairy, dense (HR 3), c) thin, callusing (HR 6) and 
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d) thin, callusing, hairy, dense (HR 5 and 7). HR 1 not shown in figure was thin, 
hairy and dense type without callus. Scale bar = 0.5 cm. 
Hairy root lines (HR 2, 3 and 4) derived from B 3 and B 12 cultivars of O. basilicum 
were observed to be thick in morphology while HR 1 from B 3 and all roots of B 13 
cultivar of O. basilicum (HR 5, 6 and 7) were thin in diameter. Callus formation was 
distinctly observed in all roots derived from B 13 (HR 5, 6 and 7). The visual 
observations made for the diameter parameter for the developed hairy root lines are 
in concurrence with the average diameter found in the above study (Section 3.3.6.1.2 
of this study). Formation of callus can be correlated with the presence of active aux 2 
genes (Figure 3.10 in the section 3.3.4) located on TR region in the transformants of 
B 13. All roots were white in color and callus in HR 5, 6 and 7 was pink in color. 
3.3.7 Endogenous IAA content 
To correlate the auxin content with root phenotype and aux 2 expression, 
endogenous auxin was extracted from the 60 d old roots of all transformed root lines 
and quantified using HPLC. Indole acetic acid (IAA) concentration was detected by 
HPLC analysis. IAA was detected at 280 nm with retention time 10.01 min and 
HPLC chromatogram obtained for the standard IAA in black and sample in dotted 
blue line is shown in Figure 3.13 a.  
Variation in the content of IAA was found among the root lines derived from the 
same cultivar (Figure 3.13 b). HR 1 (0.011 ± 0.001 μg/ mg FW) showed significantly 
lower amount of IAA in comparison to HR 2 (0.039 ± 0.001 μg/ mg FW) and HR 3 
(0.034 ± 0.001 μg/ mg FW) derived from the same cultivar (B3). Similar observation 
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in IAA amount was found for B 13 derived hairy root lines where HR 5 (0.008 ± 
0.0005 μg/ mg FW) showed significantly lower amounts of IAA in comparison to 
HR 6 and 7 (0.031 ± 0.001 μg/ mg FW and 0.034 ± 0.0005 μg/ mg FW).  
Significantly higher amount of IAA was found in HR 2, 3 and 4 in comparison to HR 
1 and 5 and can be correlated with their thick morphology. Highest IAA content in 
HR 2 and 4 can also be correlated with their root length also where as for HR 1 and 5 
low level of IAA showed correlation with their lowest root length among all others 
(Table 3.2 a).   
 
Figure 3.13. Quantification of endogenous auxin content in the developed 
transformed hairy root lines (60 d old). A) HPLC chromatogram showing IAA 
peak in standard (black) and in HR 4 (blue dotted line) at retention time 10.01 min. 
b) IAA level (mg/g FW) detected in 60 d old hairy root (HR 1 - 7) samples. Data is 
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represented as mean ± SEM of each of three replicates (n = 3). Different letters 
indicate significant differences (p ≤ 0.05, p ≤ 0.01) according to Tukey’s HSD 
between different hairy root lines. 
3.3.8 Total phenolic content 
Folin’s test was performed to quantify the amount of readily available phenolics in 
the developed hairy root lines at all time points and to enable the study of the 
relationship between the age of roots and the amount of phenolics produced. The 
amount of total phenolics was observed to increase in all roots except for those of 
HR 2 where total phenolic content in the 60 d sample was less than 50 d sample.  HR 
4 showed higher levels of total phenolics at all ages except 20 d in comparison to all 
other root lines at a significance level of p ≤ 0.05 (Table 3.3). The level of total 
phenolic content in B 13 derived root lines (HR 5, 6 and 7) increased significantly (p 
≤ 0.05) after 40 d of subculture. 
HR 3 showed significant higher level of total phenolic content at 50 and 60 d in 
comparison to HR 1 and 2 derived from the same cultivar (B 3). B 13 derived hairy 
root lines (HR 5, 6 and 7) showed no significant difference in their total phenolic 
content at all ages except 40 d. At p ≤ 0.01, no significance difference in the amount 
of total phenolics was found for all hairy root lines at 60 d. 60 d can be identified as 
optimum age for total phenolic production in all hairy root lines for high yield. At 60 
d HR 4, HR 5, HR 3 showed the highest level of total phenolics in the order HR 4 
(378.80 ± 26.74 mg/ g GAE DW) > HR 5 (374.97 ± 31.65 mg/ g GAE DW ) > HR 3  
(354.97 ± 15.83 mg/ g GAE DW). Over the 60 d time course, the pattern of phenolic 
content was similar in HR 5, 6 and 7 derived from cultivar B 13.  
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In conclusion, B 13 derived hairy root lines can be considered similar to each other 
in terms of total phenolic content and HR 1 and HR 2 from B 3 can be considered 
similar to each other. HR 4 can be identified as best root line on the basis of total 
phenolic content at all ages. 
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Table 3.3. Levels of total phenolics expressed as GAE (mg/ g DW) detected in hairy root lines at five different ages 
after subculturing on M medium.^ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
^Data represented as mean ± SEM of each of three replicates (n = 3). Different letters indicate significant 
differences (p ≤ 0.05) according to Tukey’s HSD between different hairy root lines at specific age.
Total phenolic content; GAE (mg/ g DW) 
Hairy root 
lines (HR) 
Days after subculturing (d) 
20  30  40  50  60  
HR 1 127.70 ± 16.64ab 246.30 ± 37.56ab 254.77 ± 11.39a 285.90 ± 6.40a 331.60 ± 13.23ab 
HR 2 161.47 ± 17.07a 204.27 ± 15.54ab 243.60 ± 0.46a 252.93 ± 11.24a 247.33 ± 35.73b 
HR 3 156.33 ± 12.67a 161.87 ± 14.31bc 233.73 ± 17.47a 312.40 ± 19.42a 354.97 ± 15.83ab 
HR 4 139.10 ± 24.76a 282.00 ± 12.76a 315.33 ± 6.76a 377.47 ± 2.82a 378.80 ± 26.74a 
HR 5 62.93 ± 6.35bc 107.93 ± 14.13bc 239.73 ± 14.21a 297.00 ± 5.15a 374.97 ± 31.65a 
HR 6 62.38 ± 5.99bc 96.07 ± 3.52cd 183.37 ± 12.71a 284.60 ± 36.34a 339.17 ± 9.12ab 
HR 7 55.75 ± 3.68c 89.95 ± 6.66cd 161.60 ± 15.62a 255.47 ± 18.11a 319.77 ± 8.44ab 
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3.9 Quantification of individual polyphenolics: RA and CA. 
3.9.1 HPLC chromatogram 
HPLC method was developed to separate the polyphenolics found in the hairy root 
extracts of O. basilicum and to study their variation. The representative HPLC 
chromatograms (Figure 3.14) obtained from the three hairy root lines derived from 
the three different cultivars of O. basilicum showed variable number of peaks in all 
the samples. The HPLC chromatogram of HR 2 (derived from B 3) was observed to 
have a lesser number of polyphenolic peaks at 280 nm in comparison to HR 4 
(derived from B 12) and HR 5 (derived from B 13) at all ages. This observation 
clearly indicated that variation in number of polyphenolics existed between the hairy 
root lines derived from the different cultivars of O. basilicum. HR 4 was identified to 
have highest number of polyphenolics than HR 2 and HR 5. The number of peaks in 
extracts of same hairy root line at different ages showed similar number of peaks 
with difference in their peak area. RA presence in all the samples was confirmed 
with the standard RA chromatogram by HPLC analysis.  
RA was detected in all hairy root lines as a major peak in all samples at retention 
time; 15.28 min. A shift in retention time of RA in this chapter from 14.5 min in the 
Figure 2.4 of chapter 2 of this thesis was found. Shift in retention time was attributed 
to the use of a different column make and its dimensions (Apollo TM C 18 150 mm 
× 4.6 mm × 5μm to C18 Phenomenax, Gemini- NX 250 mm × 4.6 mm × 5 μm) in 
this study. Caffeic acid was also identified with the commercial standard in the hairy 
root extracts at retention time 12.08 min.  
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Figure 3.14. Representative HPLC chromatograms of three hairy root lines. a) 
HR 2 (derived from B 3 cultivar of O. basilicum). b) HR 4 (derived from B 12 
cultivar of O. basilicum) and c) HR 5 (derived from B 13 cultivar of O. basilicum). 
Individual run for extracts at five different ages after harvest are compiled in each 
subfigure. Different colors show different ages after harvest. The prominent peak in 
all samples was identified as RA (15.28 min).CA (12.08 min) was also found in all 
samples. 
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3.9.2. Rosmarinic acid  
In the previous chapter of this thesis, Rosmarinic acid (RA) was identified as the 
major metabolite in O. basilicum cultivars and was selected as the targeted 
metabolite in this chapter for the screening of developed hairy root lines. Developed 
hairy root lines were quantified for the RA content using HPLC analysis. RA 
standard curve with equation y = 19014x - 9029.3 
and R² = 0.9994 was used for its quantification in the unknown hairy root extracts. 
Variation in the levels of RA content was found in extracts of all hairy root lines. RA 
content was found to increase till 40 d in HR 1, 2 and 3 (all derived from B13 
cultivar) while in HR 4 (derived from B12) its value increased till 50 d (Table 3.4 a). 
HR 5, 6 and 7 (all derived from B13 cultivar) showed highest RA content at 60 d. 
The highest RA content in HR 1 (40 d; 71.02 ± 12.67 mg/ g DW), HR 4 (50 d; 69.49 
± 1.79 mg/ g DW) and HR 5 (60 d; 76.40 ± 3.70 mg/ g DW) were found to be 
significantly similar which clearly indicated that RA synthesis is age dependent in 
hairy root lines derived from the three different cultivars of O. basilicum.  
On comparison between hairy root lines derived from the same cultivar, no 
significant difference (p ≤ 0.05, p ≤ 0.01) was found between HR 1, 2 and 3 (derived 
from B3) at 40 d and 60 d and similar observation was made for HR 5, 6 and 7 
(derived from B3) at 40 d, 50 d and 60 d. 40 d can be considered as optimum age for 
RA production in HR 1, 2, 3 and 4 because of high RA content. HR 2 showed 
significantly highest levels of RA at 20 d (28.83 ± 1.65 mg/ g DW) and 30 d (42.31 ± 
2.21 mg/ g DW) in comparison to all other hairy root lines. HR 2 from B3, HR 4 
from B 12 and HR 5 from B 13 can be selected due to higher RA levels.  
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3.9.3 Caffeic acid  
Other than RA, caffeic acid was also detected in all samples at retention time 12.08 
min. The presence of caffeic acid is reported for the first time in hairy root samples 
of O. basilicum (Figure 3.15 b). CA standard curve with equation; y = 2E + 06x + 
222605 and R² = 0.9965 was used for its quantification in the unknown hairy root 
extracts. The trend of CA content found in all hairy root lines was different. An 
increase in the level of CA was observed in HR 2, 5, 6 and 7 while decrease in its 
content after 40 d in HR 1 and 3 and after 50 d in HR 4 was found. As observed the 
amount of CA found was much less in comparison to RA and thus it can be 
concluded that CA is the minor metabolite in the developed hairy root lines. HR 4 
was observed to have significantly (p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001) higher 
concentration of CA at all ages (0.93 mg/g to 1.74 mg/g DW) in comparison to the 
other hairy root lines. 
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Table 3.4. Levels of Rosmarinic acid and Caffeic acid (mg/ g DW) detected in hairy root lines at five different ages 
after subculturing on M medium.^ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       (a) Rosmarinic acid content (mg/ g DW) 
Hairy root 
lines (HR) 
Days after subculturing (d) 
20  30  40  50  60  
HR 1 10.53 ± 1.76b 22.62 ± 2.39b 71.03 ± 12.67a,  ** 47.06 ± 3.63b 38.22 ± 4.62cd 
HR 2 28.83 ± 1.65a 42.31 ± 2.22a 69.02 ± 2.78a, *, ** 67.21 ± 5.95a 41.44 ± 5.82bcd 
HR 3 4.63  ± 0.65c 23.76 ± 2.20b 66.24 ± 5.48ab, *, ** 42.92 ± 1.27b 24.23 ± 1.32c 
HR 4 11.10 ± 1.75b 23.31 ± 1.89b 68.93 ± 3.97a, *, ** 69.49 ± 1.79a 57.98 ± 4.24abc 
HR 5 11.34 ± 1.03b 15.54 ± 2.09bc 45.03 ± 7.32abc, *, ** 55.15 ± 1.67ab 76.41 ± 3.71a 
HR 6 4.11  ± 0.14c 5.48  ± 0.21d 29.76 ± 4.61c,  ** 48.82 ± 1.24b 67.17 ± 9.38ab 
HR 7 3.13  ± 0.21c 9.70  ± 2.24cd 36.75 ± 3.07bc, *, ** 49.59 ± 2.44b 68.47 ± 7.21ab 
(b) Caffeic acid content (mg/ g DW) 
Hairy root 
lines (HR) 
Days after subculturing (d) 
20  30  40  50  60  
HR 1 0.15 ± 0.02b 1.05 ± 0.05b 1.02 ± 0.01b 0.72 ± 0.04b 0.15 ± 0.01d 
HR 2 0.27 ± 0.03b 0.62 ± 0.04c 0.67 ± 0.01cd 0.73 ± 0.04b 0.74 ± 0.04c 
HR 3 0.12 ± 0.02b 0.44 ± 0.02cd 0.93 ± 0.07bc 0.15 ± 0.00c 0.11 ± 0.01d 
HR 4 0.93 ± 0.16a, #, ## 1.30 ± 0.07a, #, ## 1.61 ± 0.14a, #, ## 1.74 ± 0.17a, #, ## 1.53 ± 0.01a, #, ## 
HR 5 0.14 ± 0.02b 0.41 ± 0.01d 0.50 ± 0.01d 0.70 ± 0.02b 0.78 ± 0.01c 
HR 6 0.12 ± 0.01b 0.26± 0.04de 0.78 ± 0.08bcd 0.89 ± 0.04b 1.03 ± 0.03b 
HR 7 0.11 ± 0.00b 0.18 ± 0.00e 0.51 ± 0.05d 0.78 ± 0.01b 0.98 ± 0.01b 
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^Data represented as mean ± SEM of each of three replicates (n = 3). Section a and b of the table 
represents RA and CA content. Different letters indicate significant differences (p ≤ 0.05, p ≤ 0.01) 
according to Tukey’s HSD between different hairy root lines at specific age for RA and CA content. No 
significant difference (p ≤ 0.01 and p ≤ 0.001) in the levels of RA at 40 d of all root lines except HR1 
and HR6 was found and represented as “*” and “**”in the section a. HR 4 showed significantly higher 
CA content in comparison to all other hairy root lines at all ages (p ≤ 0.01 and p ≤ 0.001) and is 
represented as “#” and “##”in the section b of the table. Highlighted figures show highest value for each 
root line. 
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3.10 Comparison between non-transformed and transformed hairy root lines  
The advantage of hairy root lines over non-transformed roots for RA production 
from the selected cultivars of O. basilicum was also studied. The hairy root lines 
were compared with the normal (non-transformed) roots for the RA content and age 
selected for this comparison was based on the highest amount of RA obtained for the 
hairy roots of the three cultivars. Forty days was selected as the age for B 3, fifty 
days for B 12 while sixty days was selected for B 13. Significant difference in RA 
content between non-transformed and transformed root lines was found for all 
cultivars of O. basilicum (Figure 3.15 a). It was found that compared with roots of 
normal plants grown in M medium, HR 1, 2 and 3 showed five times more 
production of RA. For B 12 and B 13 derived hairy root lines, the production rate 
was double that of normal roots of the same age.  
Another advantage of hairy root lines over non-transformed roots lines is their 
capacity of higher biomass production. This parameter was also studied for the 
developed hairy root lines and non-transformed roots obtained from plants grown in 
an in vitro whole plant (as described in chapter 2 of this thesis) on M medium. 
Significant difference was found between the non transformed roots and transformed 
hairy root lines of the same cultivar for all the three cultivars of O. basilicum (Figure 
3.15 b). HR 1, 2 and 3 showed twice the biomass of normal roots while in rest of the 
root lines more than 1.5 times biomass was found in comparison to non-transformed 
roots. These results clearly showed that hairy root cultures have a higher capacity for 
production of secondary metabolites and a higher biomass than normal roots and 
their suitability for large scale production. 
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Figure 3.15. Comparison between non-tranformed and transformed hairy root 
lines of three cultivars of O. basilicum. Solid black line show boundary between 
three different cultivars. a) Comparison of RA (mg/ g DW) between non-transformed 
and transformed roots of B 3, B 12 and B 13. Significant difference at p ≤ 0.05 was 
found between non-transformed and transformed roots of all cultivars. b) 
Comparison of Dry weight (mg) between non-transformed and transformed roots of 
B 3, B 12 and B 13. Different letters indicate significant difference at p ≤ 0.05 was 
found between non-transformed and transformed roots of all cultivars. 
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3.4 Discussion 
The study was set for the development of hairy root lines from the selected cultivars 
of O. basilicum. The cultivars used were B 3 (low RA producing), B 12 and B 13 
(high RA producing). Developed hairy root lines were used for screening and 
selection of the hairy root lines against their morphology and RA content.  This 
chapter identified the explant type, their age and A. rhizogenes strains for 
transformation of selected cultivars of O. basilicum. Correlation between developed 
root phenotype, endogenous auxin content and molecular make up was also 
established. The distinct relationship between root growth and secondary metabolite 
production was also found in this study. Selection of the developed hairy root lines 
from the three selected cultivars for mycorrhization studies on the basis of their 
morphology and RA content was thus reported in this study. 
The establishment of hairy roots in the three cultivars of O basilicum using different 
A rhizogenes strains showed that root induction is dependent on the type of explants 
and bacterial strain used as previously observed (Chriqui et al. 1996; Bansal et al. 
2014; Nourozi et al. 2014; Thiruvengadam et al. 2014). Cotyledons have been 
reported to be the best explants for A rhizogenes transformation studies in 
comparison to young leaves (Fattahi et al. 2013; Thimmaraju et al. 2008; Triplett et 
al. 2008) but this is contrary to the results obtained in the present study. Results 
presented in this study showed similarity to a number of other studies (Nourozi et al. 
2014; Bansal et al. 2014; Vyas and Mukhopadhyay 2014) who also found young leaf 
to be the most suitable explant for transformation and they have suggested this 
suitability as the result of the physiological state of the plant cell or its higher 
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regeneration capacity and larger wounding surface availability in the case of leaves. 
Differences in the level of virulence between different strains of A. rhizogenes can 
also be put forward to explain the difference in transformational efficiency (Nourozi 
et al. 2014). The agropine-producing A. rhizogenes A4 strain was identified as the 
most potent bacterial strain in the current study. It is likely that wild origin of this 
strain accounts for such an observation. Some A. rhizogenes inoculated explants of B 
12 and B 13 showed callus formation near to the hairy root induction site, a response 
probably due to wound induced phytohormone production as suggested by Triplett et 
al. (2008). Low infection potential of A. rhizogenes strain 11325 may be related to its 
different chromosomal virulence genes as discussed by Tiwari et al. (2008). It can be 
thus concluded from the current study that hairy root generation is explant specific 
and virulence dependent.  
A. rhizogenes is reported to induce the differentiation of genetically transformed 
roots in dicotyledonous plants (Amselem and Tepfer. 1992). Two primary groups of 
pRi plasmid play roles in the root induction process. The TL region harbors the rol 
genes and the TR region carries the aux genes that are responsible for hairy root 
formation. Transformation of the selected O. basilicum cultivars produced profusely 
growing, highly branched, negatively geotropic roots growing on the hormone 
independent medium. At initial stage, two distinct morphotypes (long and ramified 
and short and ramified) showing similarity to the two hairy root phenotypes of 
cucumber obtained by Chriqui et al. (1996) were also observed in my study. The 
second type was not found to grow on subsequent subcultures and a likely 
explanation is the presence of only the TR sub-fragment and functional aux genes 
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but not TL- DNA transfer region which is clearly important for differentiation and 
morphogenesis of hairy roots. Roots of O. basilicum cultivars showing long and 
ramified morphology were thus selected for the current study.  
Roots that were produced following inoculation with A. rhizogenes strain ARqua1- 
pTSC5 were confirmed to be transformed by use of the GUS assay as proposed by 
Jefferson et al. (1987). As observed by Cseke et al. (2007), root hairs in the current 
study were also found to show higher GUS activity and enabled the rapid screening 
of transformed roots. Highest transformation efficiency and similarity in the T-DNA 
region of A4 and ARqua1- pTSC5 were the reasons for selection of A4 derived hairy 
root lines for further confirmation and characterization studies. Seven different 
axenic A4 derived transformed root lines from the three different cultivars of O. 
basilicum were selected. The integration of rol b, rol a, aux 1 and aux 2 confirmed 
integration of complete TL-DNA region and the transgenic nature of all hairy root 
lines similar to the results obtained by Mallol et al. (2001); Batra et al. (2004); 
Bandyopadhyay et al. (2007); Thimmaraju et al. (2008); Fattahi et al. (2013).  
Phenotypic variation and variation in the levels of growth were noted in the hairy 
root lines derived from different cultivars as also observed in many studies 
(Amselem and Tepfer 1992; Chiriqui et al. 1996; Mallol et al. 2001; Thimmaraju et 
al. 2008; Triplett et al. 2008). These variations are due to factors such as difference 
in the copy number of inserted gene, its type and position in the host, methylation of 
genome and chromosomal changes (Triplett et al. 2008). In many studies phenotypic 
variation is correlated to the expression of aux genes (mainly to aux 2 as proposed by 
Croes et al. 1989; Amselem and Tepfer 1992; Chiriqui et al. 1996) and thus their 
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presence was also confirmed in this study. Contrary to the results obtained by 
Alpizar  et al. (2008), the presence of both aux 1 and aux 2 was found in the current 
study similar to the results presented by Amselem and Tepfer (1992) and can further 
support the fact that a correlation can exist between aux genes and morphology of 
hairy root lines.  
The production of callus by all the roots on NAM supplemented medium further 
confirmed the presence of functional aux 2 genes and the highest response achieved 
for HR 4 can be correlated with its thick morphology (Amselem and Tepfer 1992; 
Chiriqui et al. 1996). Auxin also have a significant influence on root length, 
branching correlated pattern and number of laterals as reported for hairy root cultures 
of Beta vulgaris by Thimmaraju et al. (2008). Here also a positive correlation 
between endogenous auxin content and root phenotype was found for sixty days old 
root lines (length; r 2 = 0.7271 and number of tips; r 2 = 0.2821). The thin morphotype 
observed for HR 1 and 5 may also be correlated with low endogenous auxin 
concentration. The rooty callus morphology of HR 5, 6 and 7 can be explained by 
difference in the copy number and insertion site of TL and TR-DNA as discussed by 
Bandyopadhyay et al. (2007). Further distinct variation in root morphology in this 
study was found to be cultivar specific as generally similar morphotypes were 
obtained from the same cultivar. 
The purpose of developing hairy root lines in this study was to select them for co-
culture development, thus M media was used as the selection substrate. Nutrient 
composition and concentration impacts secondary metabolite production (Tada et al. 
1996; Thimmaraju et al. 2008) and this was well observed in this study also. Hairy 
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root lines growing on M medium produced higher levels of rosmarinic acid than 
normal roots of the same cultivar that were grown in MS medium but were one 
month younger (when compared with data of Chapter 2). This observation of high 
production of metabolites in hairy roots further supports the notion that secondary 
metabolite production is effected by substrate used. A high metabolic content and 
excessive growth rates have been defined as the advantages of transformed root 
cultures over normal plant roots (Mallol et al. 2001; Bais et al. 2002; Grzegorczyk et 
al. 2006) and similar observation of increased RA content and biomass have also 
been made in this study when grown on same medium. Low content of caffeic acid 
in the developed hairy root lines and non-transformed also supports the previous 
observation (Chapter 2) that caffeic acid is a minor polyphenolic in hairy root lines 
also as found in the non-transformed roots of O. basilicum cultivars. A notable 
decrease in the content of RA with increased age in HR 1, 2, 3 and 4 can be 
correlated to the cultivar type, excessive growth or nutrient limitation and also shows 
that RA production is nutrient and growth dependent. The RA content of hairy roots 
of the same cultivar were approximately the same at their optimal RA production age 
but differed between cultivars and their age. A positive though low correlation (r 2 = 
0.5423) was also found between total phenolic and RA content. 
To, my knowledge there are only two reports (Tada et al. 1996; Bais et al. 2002) 
which have reported A. rhizogenes mediated transformation of O. basilicum and RA 
production.  Hairy root growth kinetics for RA production in transformed roots of O. 
basilicum grown in different mediums has been studied by Tada et al. (1996). High 
RA production of 14.1 % D.W. in MS medium by J1 clone was reported after eight 
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weeks of growth which is twice the highest amount in the current study. This 
difference in RA production may be due to use of different medium (MS) by Tada et 
al. (1996) or different strain of bacterium. In a study conducted by Grzegorczyk et al. 
(2006) in Salvia officinalis, RA levels were found similar to the amount reported in 
the current study. In a different study conducted by Lee et al. (2010) in Nepeta 
cataria optimal levels of RA and biomass were found at a specific age showing that 
there is considerable variation in RA content and biomass from genus to genus of the 
same family.  Recent report by Fattahi et al. (2013) on transformation of 
Dracocephalum kotschyi Boiss for RA production have identified 1500 μg/g DW as 
highest yield when compared with similar studies. However if one calculates the 
concentration of RA found in hairy roots of this study or in several of the other 
studies cited by Fattahi et al. (2013) it was observed that they are incorrect in stating 
that their yield was much high. In fact the yield of RA found in the current study is 
more than fifty times greater than that claimed by Fattahi et al. (2013).  My study 
also found similar levels of RA to that reported by Weremczuk-Jezyna et al. (2013) 
in transformed roots of D. moldavica L. 
In conclusion this study for the first time demonstrated the utility of hairy root lines 
derived from the three cultivars of O. basilicum as efficient resource of RA on M 
medium. RA was found as the major metabolite in all hairy root lines. Inter-cultivar 
variability in terms of morphological diversity and RA content was also remarkably 
observed in this study. B 3 (for two out of three root lines) and B 12 produced thick 
roots while B13 yielded thin and callus hairy root morphotypes. Although, no 
significant difference was found in RA content for hairy root lines derived from the 
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same cultivar at its optimal production age, but there were differences in RA content 
of roots derived from the different cultivars at all ages. A distinct relationship 
between age and RA content was also found here which advocates the fact that RA 
synthesis in these hairy root lines is age dependent and can be further correlated with 
growth potential and nutrient availability also. The amount of RA produced is higher 
in comparison to that produced by untransformed roots in same (this study) or 
different medium as reported in chapter 2, thus proving advantage of transformed 
hairy root cultures for enhanced secondary metabolite production.  HR 2, HR 4 and 
HR 5 were selected as they represented variability and produced high RA content. 
They were taken forward in the next chapter for mycorrhization studies to 
understand potential of mycorrhiza as an elicitor. 
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Chapter 4: Evaluation of mycorrhiza as an elicitor for 
rosmarinic acid in a co-culture system with hairy roots of 
Ocimum basilicum  
4.0 Abstract 
Arbuscular mycorrhizae (AM) are the most ubiquitous plant-fungus endosymbioses 
found on earth. They colonize plant roots which are a rich source of secondary 
metabolites having medicinal importance. Rosmarinic acid is an ester of caffeic acid 
and 3, 4- dihydroxyphenyllactic acid obtained from Ocimum basilicum (Basil). It is 
widely used as an antioxidant, anti-inflammatory, antiviral and anticancer agent. This 
study for the first time reports development of a co-culture between selected hairy 
root lines of O. basilicum and two species of mycorrhizal fungi (Rhizophagus 
irregularis isolate 1, Rhizophagus irregularis isolate 2 and Rhizophagus proliferus) 
in vitro for the production of  mycorrhiza and rosmarinic acid. The co-cultures were 
developed to provide insights into the interaction between the hairy roots and AM 
fungi. The developmental stages of root mycorrhizal symbiosis were studied by light, 
confocal laser scanning (CLSM) and scanning electron microscopy (SEM). All 
mycorrhizal structures were found to exhibit autofluoresce with distinct differences 
between the two mycorrhizal species studied. SEM studies showed tree shaped, 
highly branched arbuscules in the colonized cortical cells. Among the three 
mycorrhizal cultures used, Rhizophagus irregularis isolate 1 was selected to study 
the elicitation of secondary metabolites. Effect of mycorrhizal colonization was 
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assessed on root traits (length; diameter; number of tips), biomass, total phenolics, 
rosmarinic and caffeic acids content. No significant difference was found in root 
length and root biomass due to mycorrhization. Mycorrhization significantly 
increased RA level at all three ages of co-culture in each hairy root line. A positive 
correlation between RA content and phenylalanine ammonia-lyase (PAL) activity 
was also found. Thus, the potential of mycorrhiza as an elicitor of rosmarinic acid in 
mycorrhized hairy root cultures was successfully demonstrated through this study. 
4.1 Introduction 
Plant roots form a symbiotic relationship with arbuscular mycorrhizal fungi (AMF). 
AMF belong to the phylum Glomeromycota and are the most abundantly found 
obligate biotrophs (Smith and Read 2008; Zhang et al. 2013; Zuccaro et al. 2014). 
AMF are also known to have colonized their phototrophic partner for more than 450 
million years (Lima et al. 2009; Bonfante and Genre 2010). They establish 
mutualistic relationship with 80 % of terrestrial plants including those that are 
agricultural and horticultural crop species (Smith and Read 2008; Lopez- Raez et al. 
2010). Development of AMF endosymbioses involves colonization of cortical cells 
both inter and intra-cellularly. Endosymbioses progresses by formation of the pre-
penetration apparatus, arbuscule generation, vesicle development and intra and extra-
radical sporulation (Parniske 2008; Lopez-Raez et al. 2010). In this interaction of net 
benefit to both the partners, the fungal partner acquires and transfers water and 
mineral nutrients (especially phosphorus and nitrogen) to the plant cell and in return 
receives carbohydrates from its photosynthetic partner (Parniske 2008). Mycorrhizal 
interactions promotes plant growth, improves its drought and stress tolerance and 
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crop yield and also influences primary and secondary metabolic pathways 
(Schlieman et al. 2008; Ceccarelli et al. 2010; Vosatka et al. 2012).  
Mycorrhizal colonization promotes production and accumulation of the secondary 
metabolites in medicinal plants (Zeng et al. 2013). Comprehensive literature is 
available on beneficial effects of AMF interaction with medicinal plants grown in 
greenhouse (pot system) and under field conditions. Impact of mycorrhizal 
colonization on biomass, nutrient profile, quality and content of active ingredients in 
medicinal plants is well studied. Some of the recent examples of medicinal plant and 
AMF interactions includes reports on glycyrrhiza (Orujei et al. 2013; Liu et al. 
2014), chicory (Rozpadek et al. 2014), coleus (Singh et al. 2013), clover (Zhang et 
al. 2013), mentha (Heydarizadeh et al. 2013), catharanthus and nicotiana (Andrade et 
al. 2013), vitis (Eftekhari et al. 2012), hypericum (Zubek et al. 2012a), sage, 
lavender and lemon balm (Zubek et al. 2012b), oregano (Karagiannidis et al. 2011), 
artichoke (Ceccarelli et al. 2010) and many others. In addition to the growth and 
secondary metabolite enhancement and nutrient transport like properties, AMF are 
also known to act as a soil aggregate stabilizer, prevents soil erosion and facilitates 
phytoremediation (Leung et al. 2013).  
Conventionally mycorrhizal inoculums are produced in plant based systems 
cultivated in pot, hydroponic or aeroponic systems (Adholeya et al. 2005; Ijdo et al. 
2011). Plant based multiplication techniques are labor intensive, require large 
physical space, are prone to contamination and lack quality control. These drawbacks 
are resolved by use of in vitro cultivation of mycorrhizal inoculums with transformed 
hairy root lines  (Fortin et al. 2002; Adholeya et al. 2005; Ceballos et al. 2013) and is 
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used at TERI, India (Puri and Adholeya 2013). The in vitro developed mycorrhized 
root cultures are used for mass production of pure and quality standard mycorrhizal 
propagules but effect of mycorrhizal interaction on medicinally important secondary 
metabolites content in hairy roots have not been explored. 
Traditionally, mycorrhizal colonization and its progress are monitored by destructive 
vital and non vital staining techniques associated with drawbacks of use of toxic 
chemicals and sample loss (Dreyer et al. 2006). Mycorrhizal structures are known to 
show autofluorescence but this property is not exploited for studying stages of 
symbiosis development in the in vitro colonized root cultures. Thus, utility of 
autoflourescence to monitor differences and similarities between different 
mycorrhizal species is of importance to study mycorrhizal structures at the 
subcellular level. 
AMF colonization temporally and spatially activates plant defense mechanism 
responsible for the production and accumulation of secondary metabolites such as 
polyphenolics in the above and below ground parts of the plant (Peipp et al. 1997; 
Andrade et al. 2013). Rosmarinic acid (RA) is a polyphenol and is found in species 
such as O. basilicum (Basil), which belong to the family Lamiaceae (Petersen 2013). 
Medicinally, RA is known for its antioxidant, anti-inflammatory, antiviral and 
anticancer like activities and roots of O. basilicum are also an efficient resource of 
RA (Srivastava et al. 2014). Till date, there are only six reports of O. basilicum 
grown in pot system in greenhouse conditions with AMF for increased production of 
plant metabolites (essential oils; Copetta et al. 2006; Copetta et al. 2007; Rasouli-
Sadaghiani et al. 2010 and phenolics; chicoric acid and RA; Toussaint et al. 2007; 
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Lee and Scagel 2009; Scagel and Lee 2012). Additionally the role of AMF (Glomus 
mosseae) as a bioprotection agent of O.basilicum against Fusarium oxysporum f.sp. 
basilica has been also reported by Toussaint et al. (2008). As aerial parts are majorly 
studied in the above reports for mycorrhizal interaction studies, there is an 
opportunity to examine, in much greater detail, O. basilicum and their roots and their 
interactions with AMF.  
The roots of plants such as barley, basil, tomato and clover grown in pots have been 
examined for the influence of mycorrhizal colonization on their polyphenol profile 
and content (Peipp et al. 1997; Toussaint et al. 2007; Lopez-Raez et al. 2010; Zhang 
et al. 2013) but to my knowledge there is only one similar report that examined 
transformed roots (Medicago truncatula, Mrosk et al. 2009) indicating importance of 
more studies on transformed roots and mycorrhizal interaction.  
To identify the potential of mycorrhiza as an elicitor under in vitro conditions, the 
aims of the present chapter were a) development of a co-culture system in vitro 
between the selected hairy root lines of O. basilicum [HR 2 (derived from B 3), HR 4 
(derived from B 12) and HR 5 (derived from B 13)] and three different types of 
mycorrhizal cultures representing two species (Rhizophagus irregularis isolate 1, 
Rhizophagus irregularis isolate 2 and Rhizophagus proliferus), b) examination of 
mycorrhizal ontogenesis to identify the differences/ similarities between the three 
different mycorrhizal cultures by conventional light microscopy and advanced 
confocal laser scanning and scanning electron microscopy techniques, c) selection of  
mycorrhiza to identify their ability to elicit seconday metabolite production followed 
by d) study on the impact of  mycorrhizal colonization on root traits (length, 
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diameter, number of tips), biomass, total phenolic, caffeic and rosmarinic acids 
content and finally e) the impact of mycorrhizal colonization on the phenylalanine 
ammonia-lyase (PAL) activity. 
4.2 Materials and Methods 
4.2.1 Arbuscular mycorrhizal fungi (AMF) cultures and hairy root lines 
AMF cultures for the development of co-culture between arbuscular mycorrhiza and 
selected hairy root lines were obtained from the Centre of Mycorrhizal Culture 
Collection (CMCC), TERI, India. Two different species of Rhizophagus namely 
Rhizophagus irregularis isolate 1 (formerly known as Glomus intraradices), 
Rhizophagus irregularis isolate 2 (formerly known as Glomus intraradices) and 
Rhizophagus proliferus (formerly known as Glomus proliferum) were used for the 
establishment studies. Two different isolates of Rhizophagus irregularis (collected 
from the two different sites in India) were studied to find differences or similarities 
between two isolates of Rhizophagus irregularis with the developed roots. The 
fungal species names are adapted from Schüßler and Walker (2010). HR 2, HR 4 and 
HR 5 selected from chapter 3 were used as the host hairy root lines for the 
developmental studies. 
4.2.2 Establishment of arbuscular mycorrhiza and hairy root co-cultures 
For the development of the co-culture system, the hairy root lines as depicted in 
chapter 3 were subcultured onto fresh M medium supplemented with 1 % (w/v) 
sucrose (Becard and Fortin 1988; Puri and Adholeya 2013). The hairy root lines 
were then incubated for the next twenty days in the dark at 26 °C in an incubator 
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(ET-650-8, Lovibond, Dortmund, Germany). After twenty days, to a fresh M media 
Petri plate (90 mm in diameter; 35 mL medium), approximately 150 spores of the 
Rhizophagus irregularis isolate 1 were inoculated to the centre of the plate. Four root 
tips from the twenty-day-old HR 2 cultures were placed gently on the same plate at a 
distance of 1 cm away from the mycorrhizal spores at the points of a square. The 
plates were then labeled, sealed and incubated in the dark at 26 °C in an incubator 
(ET-650-8, Lovibond, Dortmund, Germany). The plates were observed twice a week 
to monitor any contamination and growth of the symbionts. Similar steps were 
repeated for the other two mycorrhizal cultures of Rhizophagus irregularis isolate 2 
and Rhizophagus proliferus and HR 2. For the development of the co-culture of HR 
4 and HR 5, the steps similar to HR 2 were used. Mycorrhizal dynamics were 
observed using a stereomicroscope (SZ16, Olympus, Japan) every week till 120 d to 
observe co-culture development. The developed co-cultures of HR 2, HR 4 and HR 5 
were then used for assessment of colonization. 
4.2.3 Assessment of colonization in the developed mycorrhiza – hairy root co-
cultures: Ink vinegar staining 
Colonized hairy root cultures (90 d old) were harvested into 100 ml of 10 mM 
sodium citrate buffer (Doner and Becard 1991) to deionise phytagel adhering to roots 
using an incubator shaker (Kuhner Shaker, Basel, Switzerland) at 25 °C for 60 min at 
100 rpm. The deionized buffer with roots was then sieved through a 325 British 
Standard Sieve (BSS) mesh analytical sieve (Fritsch, Idar-Oberstein, Germany). The 
harvested roots were then washed in distilled water and used for staining with ink 
vinegar (Vierheilig et al. 1998). For staining, the roots were cleared using 3 % 
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potassium hydroxide (w/v) in water (Qualigens, Mumbai, India) at 65 °C for 10 min 
over a water bath (Heto HMT 200, Heto Lab Equipment, Allerod, Denmark); and 
then rinsed thoroughly with de-ionized water. The roots were then added to 15 mL of 
freshly prepared 1 % (v/v) hydrochloric acid (HCl) (Fischer scientific, Mumbai, 
India) in water for 5 min. After incubation of 5 min, 1 % HCl was then decanted and 
roots were stained with 3 % (v/v) ink in acetic acid solution (5%, [v/v] acetic acid in 
water) for overnight (PG Stationary Private Limited, New Delhi, India). The stained 
roots were destained in 5 % (v/v) acetic acid in water (Qualigens, Mumbai, India) in 
water to remove excess stain. The destained roots were then stored in lactoglycerol 
prepared from lactic acid (Qualigens, Mumbai, India) and glycerol (Qualigens, 
Mumbai, India). To estimate internal root colonization percentage, ten root segments 
per slide were mounted. Ten slides for each co-culture were prepared and observed 
under a compound microscope (CH, Olympus, Japan) to calculate colonization 
percentage. A root segment was considered colonized if hyphae, arbuscules, and/or 
vesicles were observed. Colonization percentage was expressed as a percentage in a 
1 cm root segment for 100 segments (Hayman 1978, Puri and Adholeya 2013). 
4.2.4 Arbuscular mycorrhizal ontogenesis: conventional and advanced 
techniques  
4.2.4.1 Light microscopy 
Established colonized root cultures of HR 5 with three different mycorrhizal cultures 
were subcultured to fresh M media (90 mm plate; 35 mL medium) plates and 
incubated in the dark at 26 °C in an incubator (ET-650-8, Lovibond, Dortmund, 
Germany) for 90 d. Plates were observed weekly under a stereomicroscope (SZ16, 
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Olympus, Japan) to study the stages of mycorrhizal development (hyphal infection, 
hyphal net formation, extra-radical and intra-radical sporulation) and to identify the 
differences between the three mycorrhizal cultures used. 
4.2.4.2 Confocal laser scanning microscopy (CLSM): sample preparation and 
imaging  
Co-cultures of HR 5 and three different mycorrhizal cultures of age 30 d, 60 d and 90 
d developed for light microscopy in the earlier section (4.2.4.1) were used for 
analysis of mycorrhizal progression by CLSM. Autofluorescence of the mycorrhizal 
structures was used for evaluation of mycorrhizal symbiosis development. The 
mycorrhized culture plates were observed for selection of the region that was most 
colonized and hyphae infected root tips were identified. Ten root tips were selected 
at every age (30 d, 60 d and 90 d). The identified root tip was then mounted on one 
microscopic cover glass (22 × 40 mm, Blue star, New Delhi, India) in lactoglycerol; 
to identify the autofluorescencing mycorrhizal structures. Imaging was performed 
using confocal laser scanning microscope equipped with a Axio observer Z1 
microscope (LSM-710; Carl Zeiss Microimaging GmbH, Jena, Germany). Inbuilt 
software (Zen 2010) was used to control the microscope, laser type, its intensity (2 - 
3 %) and acquisition of images. Simultaneous imaging (T-PMT) and frame scan 
mode was used for sample imaging. Ar 488 nm was used as excitation wavelength 
(Dreyer et al. 2006). 
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4.2.4.3 Scanning electron microscopy (SEM): sample preparation and imaging 
Co-culture HR 5 - Rhizophagus irregularis isolate 1 was used for SEM. The root tips 
were selected from 30 d, 60 d and 90 d old cultures to identify the arbuscular 
mycorrhiza structures. Five colonized root tips were selected at each age and 
transversely sectioned into 0.5 cm pieces. The root pieces were then primarily fixed 
in 2.5 % glutaraldehyde (Sigma, Bangalore, India) for three hours followed by 
washing in phosphate buffer (pH 7) thrice. After washing the root sections were 
dehydrated sequentially in 30 - 100 % ethanol (Merck, Mumbai, India) for 20 min at 
each percentage. Dehydrated root sections were then used for critical point drying 
(CPD) using liquid CO2 (EMITECH 6850, TABB, Birkhshire, U.K.) at 500 to 1000 
psi. After CPD root sections were mounted on to a clean aluminium stub using an 
adhesive conducting carbon tape (TABB, Birkhshire, U.K.). The samples were 
coated with gold palladium for 90 seconds at 15 mA (SC7620, Sputter Coater, 
Quorum, Birkhshire, U.K.) before scanning electron microscopy (EVO MA10, Carl 
Zeiss Microimaging GmbH, Jena, Germany). A voltage of 5 kV was maintained 
while imaging of all the samples. 
4.2.5 Study on Rhizophagus irregularis isolate 1 as an elicitor 
4.2.5.1 Experimental set up 
Growth kinetics studies were performed to study the effect of mycorrhiza on the 
growth and metabolite content of the selected hairy root lines and its role as an 
elicitor. Rhizophagus irregularis isolate 1 colonized roots of HR 2, HR 4 and HR 5 
were used for this study. Method described herein was for HR 2 - Rhizophagus 
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irregularis isolate 1 and similar steps were repeated for the other two root lines. M 
media plates (150 mm, Corning incorporate, Corning, U.S.A.) having 135 mL media 
in each were used for this study. To each Petri plate, a 3 cm2 square shaped segment 
having mycorrhizal structures and six hairy root tips (each approximately 3 cm in 
length) were inoculated to the centre of each Petri plate. Control (non-mycorrhized) 
hairy root lines) were also prepared as above. Petri plates were then incubated in the 
dark at 26 °C in an incubator (ET-650-8, Lovibond, Dortmund, Germany) for three 
time periods (30 d, 60 d and 90 d). The plates were monitored weekly for growth of 
symbionts and any contamination. For each time period five replicates were 
prepared.  
4.2.5.2 Effect of mycorrhization on root growth and biomass 
To study the effect of Rhizophagus irregularis isolate 1 on root growth and its 
biomass, the roots were harvested after 30 d, 60 d and 90 d in citrate buffer as 
described in the section 4.2.3. After each time period the freshly harvested control 
and colonized root lines were scanned for their root diameter, length and number of 
root tips using image analysis software (WinRHIZO® version Pro2007; Regent 
Instruments Inc, Quebec, Canada) and a scanner (EPSON Perfection V 700, Delhi, 
India). The characterized roots were then lyophilized (Labconco lyophilizer, Kansas 
City, U.S.A.) and their dry weight were recorded.  
4.2.5.3 Extraction of roots for total phenolics, caffeic and rosmarinic acids 
Total phenolics and the concentration of caffeic and rosmarinic acids were 
determined in extracts prepared by homogenizing 50 mg of the lyophilized root in 
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500 μL of 60 % (v/v) ethanol in water (AR grade, Merck, Mumbai, India). To the 
homogenized mixture, 14.5 mL of 60 % (v/v) ethanol in water was added and the 
mixture was sonicated (B3510E-DTH, Branson Ultrasonics, Danbury, U.S.A.) at 25 
°C for 10 min. The sonicated extract was then centrifuged (HeraeusTM BiofugeTM 
StratosTM Centrifuge, Buckinghamshire, England) at 10,000 rpm for 5 min and the 
supernatant was collected in a 25 mL volumetric flask (Borosil, New Delhi, India) 
and the left over residue was re-extracted in 10 mL of 60 % (v/v) ethanol in water for 
five min and then centrifuged as previously described. The supernatant was then 
pooled in volumetric flasks that contained the first fraction and the final volume was 
made up to 25 mL with 60 % (v/v) ethanol in water. The extracts were then filtered 
and used directly for total phenolics, caffeic and rosmarinic acids quantification.  
4.2.5.4 Effect of mycorrhization on total phenolics 
The Folin-Ciocalteau colorimetric assay (Singleton and Rossi 1965) was used for the 
quantification of total phenolics and to study the effect of mycorrhization on the total 
phenolic content in comparison to control hairy root lines.  Briefly, to 1 mL of the 
methanolic extract, 4 mL of distilled water, 2.5 mL of Folin-Ciocalteau reagent 
(SRL, Ranbaxy, Delhi, India), 1.25 mL of 2.1 % aqueous sodium carbonate 
(Qualigens, Mumbai, India) was added and incubated in the dark for 30 min and 
absorbance of the resulting mixture was taken at 735 nm using UV-Vis 
Spectrophotometer (UV-Vis 2450, Shimadzu, Kyoto, Japan) against the same 
mixture without sample. The total phenolic concentration was quantified from the 
standard curve prepared for gallic acid within the range of 20 - 100 mg/ L and the 
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final concentration of total phenolics in the sample was reported as gallic acid 
equivalents (GAE mg/ g DW). 
4.2.5.5 Effect of mycorrhization on individual polyphenolics: HPLC analysis 
HPLC analysis was performed on root extracts of the control and mycorrhized hairy 
root lines for the quantification of RA and CA. HPLC (CBM-20A, Shimadzu, Kyoto, 
Japan), equipped with a quaternary pump (LC - 20AT), solvent degasser system 
(DGU - 20 A5), autosampler (SIL – 20A) and diode array detector (SPDM – 20A) 
was used. Inbuilt software (Shimadzu, LC solution) was used to control the HPLC 
pump and acquire data from the diode array detector. Separations were performed on 
a C18 Phenomenex column (Gemini-NX 250 mm × 4.6 mm × 5 μm). 
Separation of the individual polyphenolics was performed using HPLC grade water + 
0.1 % (v/v) ortho Phosphoric Acid (OPA) in water (Mobile phase A) and Methanol 
(HPLC grade, Merck, Mumbai, India) + 0.1 % (v/v) OPA in methanol (Mobile phase 
B) as mobile phase. A gradient program was developed for CA and RA 
quantification: 0 - 2 min isocratic 0 % B, 2 - 5 min linear gradient to 40 % B, 5 - 10 
min a linear gradient to 50 % B, from 10 - 18 min isocratically maintained at 50 % B 
and 18 - 23 min a decreasing gradient from 50 % to 40 % and finally from 23 - 25 
minute 0 % B for column washing. The flow rate of the mobile phase was 1.0 mL/ 
min and the wavelength used for detection  of all three acids was 280 nm with an 
injection volume of  20 μL. Unknown samples were identified by comparison of  the 
retention times with those of the commercial standard of RA and CA (Sigma, 
Bangalore, India). Quantification of the samples was determined by comparison of 
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integrated peak area for each sample with a standard calibration curve prepared for 
RA and CA over a concentration range from 20 -100 mg/ L. 
4.2.5.6 Effect of mycorrhization on activity of Phenylalanine ammonia-lyase 
(PAL) activity 
4.2.5.6.1 Extraction of Phenylalanine ammonia-lyase (PAL) and estimation of 
protein content 
Enzyme extraction was performed from the control and mycorrhized root samples of 
HR 2, 4 and 5 after 30 d, 60 d and 90 d. Fresh roots were extracted in 100 mM 
sodium borate buffer (pH 8.8) containing 2 mM EDTA (Sigma, Bangalore, India), 4 
mM dithiothreitol (Sigma, Bangalore, India) and 2 % (w/w) polyvinylpyrrolidone 
(Sigma, Bangalore, India).  For enzyme extraction, 200 mg of fresh root sample was 
ground in the extraction buffer for 5 min with a mortar and pestle on ice, followed by 
centrifugation at 13,000 rpm (HeraeusTM BiofugeTM StratosTM Centrifuge, 
Buckinghamshire, England),  4 °C for 25 min to obtain a solid-free extract (Yan et 
al. 2006). The extract was used for protein quantification using Bradford reagent 
(Sigma, Bangalore, India). Protein content was quantified using bovine albumin 
(Serva Electrophoresis GmbH, Hiedelberg, Germany) as a standard in the 
concentration of 20 μg/ mL to 100 μg/ mL. 
4.2.5.6.2 Estimation of PAL activity 
The reaction mixture (3 mL) for PAL activity assessment contained 500 μL  of 
enzyme extract, 1.9 mL of Milli Q water, 300 μL of 300 μM sodium borate buffer 
and 300 μL of 30 μM L-phenylalanine.  The reaction mixture was then incubated for 
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2 h at 40 °C. The enzymatic activity was measured by recording absorbance at 290 
nm using a spectrophotometer (UV-Vis 2450, Shimadzu, Kyoto, Japan) against the 
same volume of the reaction mixture without enzyme extract. The enzymatic activity 
was expressed in terms of μmol of trans-cinnamic acid produced min−1 mg -1 of 
protein from L-phenylalanine due to enzymatic activity. Standards of cinnamic acid 
(Sigma, Bangalore, India) were prepared at a range of molarities from 1 × 10-5 M to 
5 × 10-5 M. 
4.2.6 Statistical analysis 
All data presented in this study is expressed in terms of mean ± SEM. Raw data was 
analyzed using a commercial statistical package (GraphPad Prism 6). One way 
analysis of variance with a Tukey’s HSD test of significance at p ≤ 0.05 was used to 
determine the difference between the different hairy root lines for colonization 
percentage for the three different mycorrhiza used in the study.  One way analysis 
was also performed to determine the difference between the three ages of co-cultures 
set for the elicitation study for parameters such as root morphology, biomass, total 
phenol and individual polyphenolics. Two way analysis of variance (ANOVA) was 
performed to determine difference between the control and mycorrhized hairy root 
lines for root morphology parameters, biomass, total phenol, individual polyphenolic 
and enzymatic activity. Correlation between rosmarinic acid and enzymatic activity 
was also tested using the Pearson test at a significance level of 0.05. 
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4.3 Results 
4.3.1. Development of hairy root-mycorrhiza co-culture system and colonization 
percentage 
Out of three mycorrhizal cultures used in the study, both isolate of Rhizophagus 
irregularis colonized all three hairy root lines while Rhizophagus proliferus was 
found to colonize HR 5, only this being a unreported finding elsewhere warrants 
further investigation. The time required for mycorrhizal development varied among 
the hairy root lines.  
In HR 2 inoculated spores and hyphal tips of both isolates of Rhizophagus 
irregularis were found to germinate within 10 - 15 d, followed by formation of a 
hyphal network over the next 20 - 25 d. Sporulation was observed after 40 - 50 d of 
initial set up. Full plate sporulation was observed after 80 - 85 d in both the isolates 
and lateral branching with globose to elliptical shaped spores were found. A higher 
sporulation rate was obtained in the second isolate in comparison with the first 
isolate of Rhizophagus irregularis. Spore germination and hyphal growth was also 
observed with Rhizophagus proliferus but no root infection or colonization was 
found. The experiments to develop a co-culture with Rhizophagus proliferus were 
repeated twice, but no positive interaction was found.  
Similar to HR 2 no mycorrhizal development with Rhizophagus proliferus was 
observed in HR 4 also. Delay in initiation of sporulation (70 - 75 d) and decrease in 
spore density was observed in HR 4 with Rhizophagus irregularis isolate 1 in 
comparison to HR 2. Sporulation was found to increase after 90 d of co-culture with 
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Rhizophagus irregularis isolate 1. Similar to HR 2, lateral branching with terminal 
spores (elliptical and globose type also) were observed in HR 4 also.  
HR 5 was found to develop symbiotic relationship with the all three mycorrhizal 
cultures used in the study. For both isolates of Rhizophagus irregularis, spore 
germination and hyphal growth was observed after 10-20 d followed by high density 
of hyphal spread in comparison to HR 2 and 4. Extra-radical sporulation initiated 
after 60 d of co-culture and increased with age and was also found to be maximum 
after 90 d for the both isolates. Rhizophagus irregularis isolate 2 was observed to 
show higher sporulation in comparison with the first isolate of Rhizophagus 
irregularis. Spore germination of Rhizophagus proliferus was observed after 14 d 
but slow hyphal growth in comparison to both isolates of Rhizophagus irregularis 
was observed. Density of hyphal spread was found to increase after 45 d of co-
culture which later progressed into root infection. First extra-radical spore was 
observed after 70 d. The number of spore increased with age and maximal 
sporulation was observed after 120 d. Distinct round shaped swellings in hyphae 
were also observed after 80 d of co-culture.  
Colonized root cultures of HR 2, 4 and 5 (90 d) were stained with ink vinegar and 
colonization percentage was calculated (Table 4.1) for screening of mycorrhiza to be 
used for elicitation studies. After staining, blue colored intra-radical hyphae, tree 
shaped arbuscules and vesicles interconnected by intra-radical hyphae were observed 
(Figure 4.1). The highest colonization of 42 % was in HR 2 colonized by 
Rhizophagus irregularis isolate 2 while lowest was found in HR4 colonized with 
same mycorrhiza showing response varies with the root (host) type. No colonization 
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was observed in control hairy roots. On the basis of colonization percentage, two 
selections were made. HR 5 co-cultures were selected with all three mycorrhiza to 
study stages of mycorrhizal development by different microscopic techniques and 
Rhizophagus irregularis isolate 1 was selected to study its potential as an elicitor in 
vitro. 
Table 4.1.  Mycorrhizal colonization percentage in the in vitro developed co-
cultures of HR 2, 4 and 5.* 
*Data is represented as mean ± SEM of ten slides (n = 100). Different letters indicate 
significant difference (Tukey’s test) between mycorrhized hairy root lines for the 
three different mycorrhizal cultures used in this study. 
 Mycorrhizal cultures used 
Hairyroot 
line no. 
Rhizophagus 
irregularis isolate 1 
Rhizophagus 
irregularis isolate 2 
Rhizophagus 
proliferus 
Control 0.0 0.0 0.0 
HR 2 31.89 ± 2.11a 42.00 ± 1.15a Nil 
HR 4 17.33 ± 1.29b 1.35 ± 0.57c Nil 
HR 5 18.74 ± 0.98b 27.17 ± 3.43b 30.12 ± 1.04a 
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Figure 4.1. Ink vinegar staining of the in vitro developed co-culture of HR 5 and 
Rhizophagus irregularis isolate 1 showing different stages of mycorrhizal 
symbiosis. a) intra-radical hyphal (irh) progression, b) arbuscule (a) formation and 
progression of mycorrhizal colonization, c) full colonized root segment showing 
vesicular (v) structures joined by intra-radical hyphae (irh) and d) another figure 
showing vesicles and intra-radical hyphae. Scale is equal to 100 μm. 
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4.3.2 Study of mycorrhizal ontogenesis 
Developed co-cultures of HR 5 - Rhizophagus irregularis isolate 1, HR 5 - 
Rhizophagus irregularis isolate 2 and HR 5 - Rhizophagus proliferus were used to 
study the mycorrhizal dynamics. Three different microscopical techniques namely 
light microscopy, confocal laser scanning microscopy (CLSM) and scanning electron 
microscopy (SEM) were used to identify the structural developments which occur 
during symbiosis formation.  
4.3.2.1 Light microscopy for low power analysis of mycorrhizal development 
Spore germination, hyphal growth, root infection, sporulation of extra-radical hyphae 
and formation of intra-radical spores were observed in all three types of mycorrhizal 
cultures used in this study (Figure 4.2, 4.3 and 4.4). Cylindrical subtending hypha 
was observed in the two isolates of Rhizophagus irregularis was observed (Figure 
4.2 b). A distinct anastomosis formation was also observed in the Rhizophagus 
proliferus culture (Figure 4.4 d). High intra-radical sporulation was obtained in 
Rhizophagus irregularis isolate 1 in comparison to the other two (Figure 4.2 e). 
Yellowish (young) to brownish (old) colored spores were observed in all. Elliptical 
to globose shaped spores were observed in the two isolates of Rhizophagus 
irregularis (Figure 4.2 f, 4.3 f) while globose to subglobose shaped spores were 
obtained in Rhizophagus proliferus (Figure 4.4 e). Both terminal and intercalary 
branching pattern was observed for the three mycorrhizal cultures studied (Figure 4.2 
f, 4.3 f, 4.4 e). 
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Figure  4.2. Development of mycorrhizal symbiosis in the in vitro developed co-
culture of HR 5 and Rhizophagus irregularis isolate 1. a) Spore germination (gs) 
and germinated hyphae (gh), b) hyphae (gh) infecting root (r), arrow in the figure 
indicates infection point, c) proliferation of hyphae and formatiom of hyphal network 
(hn), d) sporulation of extra-radical hyphae (erh) showing extra-radical spores (ers), 
formation of intra-radical spore (irs) and e) extra-radical sporulation and sh indicates 
subtending hyphae. Scale bar is 100 μm. 
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Figure 4.3.Development of mycorrhizal symbiosis in the in vitro developed co-
culture of HR 5 and Rhizophagus irregularis isolate 2. a) Spore germination (gs) 
and germinated hyphae (gh), b) hyphae (h) infecting root (r), arrows in the figure 
indicates infection point, c) proliferation of hyphae and formatiom of hyphal network 
(hn), erh – extra-radical hyphae d) sporulation of extra-radical hyphae (erh) showing 
extra-radical spores (ers), formation of intra-radical spore (irs), e) extra-radical 
sporulation showing extra-radical spores (ers) and subtending hyphae (sh). Scale bar 
is 100 μm. 
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Figure 4.4. Development of mycorrhizal symbiosis in the in vitro developed co-
culture of HR 5 and Rhizophagus proliferus. a) Spore germination (gs) and 
germinated hyphae (gh), b) extra-radical hyphae (erh) infecting root (r), arrow in the 
figure indicates infection point, c) proliferation of hyphae and formation of hyphal 
network (hn) and extra-radical spore d) anastomosis (an) formation indicated by 
arrow, e) sporulation of extra-radical hyphae showing extra-radical spores; both 
young (ys) and mature (ms) type were observed, f) intra-radical spore (irs) indicated 
by arrow. Scale bar is 100 μm. 
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4.3.2.2 Autofluorescence for detection of mycorrhizal structures: CLSM 
All mycorrhizal structures (hyphae, active arbuscules, collapsed arbuscules, vesicles, 
intra-radical hyphae and extra-radical spores showed autofluorescence on excitation 
with laser of 488 nm in all the three types of Rhizophagus cultures used in this study 
(Figure 4.5, 4.6 and 4.7). On excitation of the control root segment, autofluorescence 
of plant cell wall was observed (possibly due to presence of plasmalemma, chitin or 
phenolics in plant cell wall; Dreyer et al. 2006) but no autofluorescencing structures 
within cortical cells were observed (Figure 4.5 a, 4.6 a and 4.7 a). Autofluorescence 
due to mycorrhizal structures was observed in the whole root segment of the 
colonized root for all three mycorrhiza used (Figure 4.5 b, 4.7 b). Autofluorescence 
was also detected in the hyphae infecting root as observed in HR 5 with Rhizophagus 
irregularis isolate 2 (appresorium formation, Figure 4.6 b). Highly branched, tree 
shaped, arum type of arbuscules were obtained in all the three types of mycorrhiza 
used in this study (Figure 4.5 d, 4.6 c, 4.7 d, 4.7 e). Bidirectional branching of 
arbuscules was observed (4.5 d, 4.6 c, 4.7 e). Collapsed arbuscules characterized by 
adjoining septate hyphae (show termination of flow of nutrients) were found to be 
smaller in size than the active arbuscules (4.5 e, 4.6 f, 4.7 d). Vesicles were also 
observed for autofluorescence (4.5 f, 4.6 d, 4.6 g, 4.7 f). Intra-radical hyphae 
adjoining two vesicles also showed autofluorescence (Figure 4.6 g). Spores of all 
three different mycorrhiza also showed autofluorescence. Distinct three layers in the 
spore wall were observed in extra-radical spores of Rhizophagus irregularis isolate 2 
(Figure 4.6 h) and Rhizophagus proliferus (Figure 4.7 g). Swelling in the subtending 
hyphae of Rhizophagus proliferus (Figure 4.7 g) were also observed by confocal 
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microscopy. Thus, similarity in the structure of arbuscules were observed in all three 
mycorrhiza but differences were observed in their spore type and subtending hyphae 
by confocal microscopy in this study. 
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Figure 4.5. Autofluorescence as a tool for imaging stages of mycorrhizal 
symbiosis development in the in vitro developed co-culture of HR 5 and 
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Rhizophagus irregularis isolate 1. a) Longitudinal control root segment of HR 5 
showing no autofluorescencing structures in the cortical cells of the root segment, b) 
longitudinal mycorrhized root segments showing autofluorescencing structures in the 
cortical cells of the root. Autofluorescence is due to presence of arbuscules in the 
colonized root segment, c) enlarged view of colonized root segment showing 
collapsed arbuscules (CA) and vesicles (V), d) colonized cortical cell showing 
autofluorescencing arbuscules and bidirectional branching pattern, e) 
autofluorescencing collapsed arbuscule of size 21.31 μm characterized by formation 
of septa (HS) in the intra-radical hyphae (H), f) autofluorescencing vesicle (size; 
43.63 μm) having three layered membrane and lipid globules were also observed, g) 
extra-radical autofluorescencing spores ( size; 43.63 μm ). Scale of a = 50 μm, b = 
100 μm, c = 20 μm and d, e, f, g = 10 μm. 
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Figure 4.6. Autofluorescence as a tool for imaging stages of mycorrhizal 
symbiosis development in the in vitro developed co-culture of HR 5 and 
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Rhizophagus irregularis isolate 2. a) Longitudinal control root segment of HR 5 
showing no autofluorescencing structures in the cortical cells of the root segment, b) 
autofluorescencing growing hyphae (H) infecting root segment (appresorium 
formation) as indicated by arrow, c) colonized cortical root cell showing 
autofluorescencing arbuscules (size: 43.60 μm) and bidirectional branching, d) 
colonized cortical cell showing autofluorescencing vesicle (V) and arbuscules (A), e) 
autofluorescencing extra-radical hypha showing septa and branching, f)  collapsed 
arbuscule (CA) with adjoining hyphae (H) with septa formation (HS), g) branched 
vesicles having three layered membrane and lipid globules, h) extra-radical 
autofluorescencing spores ( size; 103.30 μm and 91.15 μm). Scale of a = 20 μm, b = 
10 μm, c = 10 μm and d = 20 μm, e = 10 μm, f, g, h = 20 μm.  
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Figure 4.7. Autofluorescence as a tool for imaging stages of mycorrhizal 
symbiosis development in the in vitro developed co-culture of HR 5 and 
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Rhizophagus proliferus. a) Longitudinal control root segment of HR 5 showing no 
autofluorescencing structures in the cortical cells of the root segment, b) longitudinal 
mycorrhized root segments showing autofluorescencing structures in the cortical 
cells of the root. Autofluorescence is due to presence of arbuscules (A) and vesicle 
(V) in the colonized root segment, c) enlarged view of colonized cortical cell  
showing autofluorescencing arbuscules d) colonized cortical cell showing 
autofluorescencing arbuscules (size; 43.29 and 51.16 μm) and unique swollen hyphal 
structures (HS; size 4.87 μm), e) presence of both autofluorescencing collapsed (size 
22.92 μm) and active (size 47.70 μm) arbuscules); no septa in hypha of active 
arbuscule was observed, f) autofluorescencing vesicle (size; 46.37 μm) having three 
layered membrane and lipid globules were also observed, g) extra-radical 
autofluorescencing spores (size; 59.68 and 68.67 μm) and lipid globules and 
swelling in hyphae were also observed . Scale of a = 20 μm, b = 100 μm, c = 10 μm, 
d = 10 μm and e, f, g = 20 μm. 
4.3.2.3 Scanning electron microscopy 
SEM of the HR 5 colonized with Rhizophagus irregularis isolate 1 roots was 
performed to observe the mycorrhizal structures at sub-cellular level. Cylindrical 
hyphae were found in the infected cortical cells of the root and they were also found 
transversing cortical cells (Figure 4.8 a) at all three ages. Highly branched tree like 
structure (arbuscules) and round shaped solid structures were also observed inside 
the cortical cells (Figure 4.8 b, c). Size of the arbuscules varied from 40 - 50 μm. On 
observation of the surface of the colonized root extra-radical spore was also observed 
(Figure 4.8 d). 
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Figure 4.8. Scanning electron microscopy of the in vitro developed co-culture of 
HR 5 and Rhizophagus irregularis isolate 1 showing different stages in the 
development of mycorrhizal symbiosis. a) Hyphal infection of the cortical cells (C) 
as indicated by arrow; IRH stands for intra-radical hyphae, b) Colonized cortical cell 
showing highly branched tree shaped structures (arbuscules), c) transverse section of 
cortical region of root showing vesicle (V), d) surface view of colonized root 
showing extra-radical spore (ERS) and impression of intra-radical spore (IRS). Scale 
of a= 2 μm, b, c= 10 μm and d= 20 μm. 
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4.3.3 Study on Rhizophagus irregularis isolate 1 as an elicitor  
Rhizophagus irregualris isolate 1 was selected to study the potential of mycorrhiza 
as an elicitor. It was selected because it was found to colonize all the three hairy root 
lines. Its effect on root traits, biomass, total phenolic content, rosmarinic and caffeic 
acids content and enzymatic activity with age was studied. 
4.3.3.1 Effect of mycorrhization on root growth 
To study the impact of mycorrhizal colonization on root growth and biomass in in 
vitro condition the developed co-cultures of three selected hairy root lines were 
analyzed after 30, 60 and 90 d. 
4.3.3.1.1 Root morphology 
4.3.3.1.1.1 Root length 
Root length is an indicator of root growth. Root length was found to increase from 
30 d to 90 d in the control and mycorrhized root samples of all hairy root lines (HR 
2, 4 and 5). Highest root length was recorded in 90 d old roots of all root lines. 
Among the three hairy root lines studied HR 4 was found to have highest root length 
at 60 d and 90 d in comparison to HR 2 and HR 5 for both control and mycorrhized 
hairy root lines. HR 5 was found to have lowest root length among the three roots 
hairy lines at all ages for both control and mycorrhized samples. Thus, HR 2 and HR 
4 were recognized as highly growing lines in comparison to HR 5 (Table 4.2 a).  
On comparison between the control and mycorrhized hairy root samples at all ages, 
no significant difference was found in HR 2 at 30 d and 90 d while significant 
difference was found at 60 d. In HR 2, a 1.4 times increase in root length for 
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mycorrhized root lines was observed at 60 d in comparison to control hairy roots. No 
significant difference was found between the control and mycorrhized root lines at 
all ages for HR 4 and HR 5. 
4.3.3.1.1.2 Number of root tips 
The number of root tips is also an indication of root growth. Similar to observations 
made for root length, numbers of tips were also found to increase from 30 d to 90 d 
in both the control and mycorrhized samples of all the hairy root lines. Highest 
number of tips was found in 90 d old sample of all root lines. Among all root lines, 
HR 4 was found to have highest and HR 5 to have lowest number of tips for both 
control and mycorrhized root samples. No significant difference was found between 
the control and mycorrhized root samples of all root lines at all ages (Table 4.2 b). 
4.3.3.1.1.3 Root diameter 
In HR 2, significant difference was found between control and mycorrhized hairy 
root line for 30 d old root samples while no difference was found for 60 d and 90 d 
old samples. In HR 4 significant difference was found between control and 
mycorrhized samples for 60 d old samples. No significant difference was found 
between control and mycorrhized samples of HR 5 at all ages (Table 4.2 c).
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Table 4.2.  Effect of mycorrhization on root morphology of the three hairy root lines after three time periods of co-
culture.* 
* Data represented as mean ± SEM of each of three replicates (n = 3). Different letters in bold indicate significant 
differences (p ≤ 0.05) between control and mycorrhized hairy root lines at three different time periods of co-culture 
according to Tukey’s HSD. 
  (a) Root length (cm) 
  HR 2  HR 4  HR 5 
Days after 
subculturing
(d) 
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy  
root 
Mycorrhized 
hairy root 
30 1771.78 ± 101.49 a 2334.34 ± 51.87a   1180.55 ± 134.88a 1323.23± 9.68a  598.12 ± 11.42a   610.63 ± 6.55a 
60 2266.12 ± 55.52a 3204.44 ± 28.70b  4012.54 ± 150.77a 4173.69 ± 52.43a  2055.19 ± 36.32a  261.17 ± 112.73a 
90 2952.44 ± 130.02 a  3525.74 ± 58.75a  4694.98 ± 69.37a  5231.31 ± 81.82a  3029.32 ± 64.36a 3183.10 ± 84.70a 
                 (b)   Number of root tips 
30 2786.67 ± 193.35 a 3177.67 ± 55.76a  2044.67 ± 64.55a  2246.00 ± 66.58a  934.00  ± 35.17a   962.33  ± 47.63a 
60 4341.33 ± 132.35 a 5119.67 ±  63.61a  8423.67 ± 394.30 a 9523.00 ± 410.50a  2923.00 ± 22.65a 3704.67 ± 87.24a 
90 8639.00 ± 1199.24a 10762.00 ± 353.41a  10410.00 ± 873.90a 9678.33 ± 58.98a  4232.67 ± 289.83a 4354.67 ± 68.06a 
                                                  (c)   Root diameter (mm)  
30 0.38 ± 0.01b  0.46 ± 0.02a  0.28 ± 0.02a      0.31 ± 0.01a      0.31 ± 0.00a 0.33 ± 0.010a 
60 0.42 ± 0.02a  0.45 ± 0.02a  0.34 ± 0.01b        0.37 ± 0.01a      0.31 ± 0.00a 0.32 ± 0.00a 
90 0.45 ± 0.02a  0.42 ± 0.01a  0.35 ± 0.00a      0.34 ± 0.01a       0.32 ± 0.00a  0.31 ± 0.00a 
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4.3.3.1.2 Root biomass  
Increase in fresh and dry root biomass with age was observed in all the three control 
hairy root lines and their mycorrhized hairy root lines.  
4.3.3.1.2.1 Fresh biomass and dry biomass 
A significant increase in fresh weight was observed with age in the three hairy root 
lines for both control and mycorrhized hairy root samples. In HR 2 samples, highest 
biomass was found for 90 d old mycorrhized root samples (2425.72 ± 164.81 mg). 
No significant difference (p ≤ 0.05) was obtained between control and mycorrhized 
hairy root lines of HR 2 at all three ages (Table 4.3). Similar observations were made 
for the HR 4 and HR 5 for the highest biomass where 90 d old colonized root 
cultures showed highest biomass yield (HR4; 2619.42 ± 154.65 mg and HR 5; 
1190.33 ± 76.32 mg). As observed for HR 2, no significant difference between 
control and mycorrhized hairy root lines was also observed for HR 4 and HR 5 
(Table 4.2 a). On the basis of root biomass the three hairy root lines used can be 
grouped into high and low biomass producer. HR 5 was identified as low biomass 
producer as root biomass found in 90 d old mycorrhized root samples are almost 
equivalent to 30 d old fresh biomass produced by HR 2 and HR 4. 
Harvested fresh root samples were lyophilized. Observations made for dry biomass 
content were similar to fresh biomass studies. No significant difference in dry weight 
was found between the control and mycorrhized hairy root samples of HR 2, HR 4 
and HR 5 (Table 4.2 b). 
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Table 4.3. Effect of mycorrhization on root biomass of the three hairy root lines after three time periods of co-
culture.* 
* Data represented as mean ± SEM of each of three replicates (n = 3). Same letters indicate no significant differences (p ≤ 
0.05) between control and mycorrhized hairy root lines at three different time periods of co-cultures according to Tukey’s 
HSD. 
  (a)   Fresh root biomass (mg) 
  HR 2  HR 4  HR 5 
Days after 
subculturing
(d) 
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy  
root 
Mycorrhized 
hairy root 
30 1033.84 ± 125.39a  1127.95 ± 46.47a  1040.44 ± 128.64a  1202.40 ± 141.33a     400.75 ± 60.59a   471.97 ± 46.28a 
60 1464.65 ± 96.15a  1799.52 ± 66.21a  1858.51 ± 77.82a  2055.45 ± 151.16a       766.95 ± 49.25a   792.23 ± 28.52a 
90 2337.37 ± 157.73a  2425.72 ± 64.81a  2506.07 ± 78.11a  2619.42 ± 154.65a  1 100.42 ± 109.51a 1190.33 ± 76.32a 
               (b)  Dry root biomass (mg) 
30 245.33 ± 29.75a 267.67 ± 11.03a  246.90 ± 30.53a 285.33 ± 33.54a    95.10 ± 14.38a 112.00 ± 10.98a 
60 347.57 ± 22.82a 427.03 ± 39.44a  441.03 ± 18.47a 487.77 ± 35.87a  182.00 ± 11.69a 188.00 ± 6.77a 
90 554.67 ± 37.43a 575.63 ± 39.11a  594.70 ± 18.54a 621.60 ± 36.70a  261.13 ± 25.99a 282.47 ± 18.11a 
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4.3.3.2 Effect of mycorrhization on total phenolic content 
Total phenolic content in the control and colonized hairy root lines was assayed 
using Folin’s test. Significant increases in total phenolic content with increasing age 
(from 30 d to 90 d) was found both in the control and colonized root samples of all 
the three selected hairy root lines (Table 4.3). Highest total phenolic content was 
found in the 90 d old control (403.17 ± 29.46, 354.83 ± 11.51, 283.17 ± 12.00 mg/ g 
GAE DW) and mycorrhized (425.00 ± 21.36, 417.33 ± 31.42, 343.58 ± 24.94 mg/ g 
GAE DW) root samples of all three hairy root lines. HR 5 was found to contain 
lowest amount of total phenolic content in comparison with HR 2 and HR 4 at all 
time points. The amount of total phenolics found in 90 d old control and mycorrhized 
root samples of HR 5 was almost similar to 30 d old control and mycorrhized root 
samples of HR 2 and 4. 
Significant difference was found between the control and mycorrhized root lines of 
HR 2 after 30 and 60 d of co-culture (Table 4.4). No significant difference was found 
in HR 4 and HR 5 for the control and mycorrhized hairy root samples except for 60 d 
samples of HR 5. 1.3 and 1.4 times increase in total phenolic content was found in 
the 60 d and 90 d old root samples of HR 5 while in HR 2, an increase of 1.4 times 
was found in 30 d old mycorrhized hairy root samples. 
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Table 4.4. Comparison in total phenolics (mg/g GAE DW) content of the control and mycorrhized hairy root lines 
of HR 2, HR 4 and HR 5 after three different ages of co-culture.* 
* Data represented as mean ± SEM of each of three replicates (n = 3). Different letters in bold indicate significant 
differences (p ≤ 0.05) between control and mycorrhized hairy root lines at three different time periods of co-cultures 
according to Tukey’s HSD. 
 
 
  
                 Total phenolics (mg/g GAE DW) 
  
HR 2  HR 4  HR 5 
Days after 
subculturing 
(d) 
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root 
30  250.33 ± 24.30b 340.00 ± 22.91a  260.17 ± 5.26a    267.83 ± 1.33a  101.10 ± 6.93a  107.14 ± 6.27a 
60 336.33 ± 5.09b 385.50 ± 10.30a  308.87 ± 6.83a    327.57 ± 8.03a  150.63 ± 4.06b  194.00 ± 3.12a 
90  403.17 ± 29.46a 425.00 ± 21.36a  354.83 ± 11.51a 417.33 ± 31.42a       283.17 ± 12.00a 343.58 ± 24.94a 
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4.3.3.3 Effect of mycorrhization on individual polyphenolic content 
4.3.3.3.1 Rosmarinic acid  
Rosmarinic acid (RA) was selected as the targeted metabolite in this study. Impact of 
mycorrhizal colonization on RA content was studied in the three selected hairy root 
lines (HR 2, HR 4 and HR 5). Variation in the amount of RA was detected in the 
control and mycorrhized hairy root lines at three different ages of co-culture (Table 
4.5). No significant difference in RA content was found between 30 and 60 d old 
control hairy roots of HR 2 while RA content in 90 d was significantly different from 
the above two ages. Similarly, no significant difference in RA content was found in 
mycorrhized roots of HR 2 after 30 d and 60 d. In HR 4, no significant difference 
was found between 60 d and 90 d old within control and mycorrhized hairy roots. 
Contrary to HR 2 and HR 4, HR 5 showed significant difference in RA content at all 
three ages for both control and mycorrhized hairy root samples. 
Significant difference was found between the control and mycorrhized hairy root 
lines of HR 2, HR 4 and HR 5 at all ages except for 30 d old root samples of HR 2 
(Table 4.5). Increase in RA content was found to be different and related with age in 
the three hairy root lines. In HR 2, 90 d old mycorrhized root sample showed highest 
increase in RA content in comparison to 60 d and 30 d. RA content was 1.9 and 1.5 
times higher after 60 d and 90 d respectively in mycorrhized hairy root lines of HR 2. 
No significant difference was found after 30 d between the control and mycorrhized 
hairy root samples of HR 2.  
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Contrary to HR 2, HR 4 showed highest increase (2.1 times) in RA content at 30 d 
which decreased slowly with age as lowest increase (1.4 times) was found for 90 d 
old mycorrhized hairy root samples. Similar to HR 4, HR 5 also showed highest 
increase in RA content at 30 d and 60 d (1.6 times in both) while 90 d showed 
slightly less increase of 1.4 times. Equivalent increase of 1.4 times in RA content 
was observed for HR 4 and HR 5 after 90 d. Thus mycorrhizal elicitation is root and 
age specific and 60 d is the age for which the highest elicitation of RA occurs in all 
mycorrhizal hairy root lines. 
4.3.3.3.2 Caffeic acid  
In addition to RA, the effect of mycorrhization on production of the minor 
polyphenolic, caffeic acid (CA), was also studied in O. basilicum. Comparison 
between control and mycorrhized hairy root lines showed that a significant 
difference was found in all the three hairy root lines at all three ages of co-culture 
(Table 4.5). In HR 2, the highest increase in CA content of 6.7 times was found in 30 
d old mycorrhized root lines which gradually decreased with increase in age of co-
culture from 60 d and 90 d old roots (2.4 and 1.2 times respectively). A similar trend 
of increase in CA content in the mycorrhized roots in comparison to control roots at 
all ages was found in HR 4 also. The highest increase of 3.8 times above controls 
was found after 30 d of co-culture while lowest of 1.6 times was found for 60 d old 
samples. The increase in CA content for HR 5 was similar at all the three ages 
showing that age had a negligible effect on production of CA in this line. 30 d in co-
culture was therefore determined to be the optimal time for maximal elicitation of 
CA using mycorrhiza in HR 2 and HR 4. 
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Table 4.5. Comparison of amounts of rosmarinic acid (mg/g DW) between control and mycorrhized hairy root lines 
of HR 2, HR 4 and HR 5 at three different ages of co-culture.* 
* Data represented as mean ± SEM of each of three replicates (n = 3) in mg. Different letters in bold indicate significant 
differences (p ≤ 0.05) between control and mycorrhized hairy root lines at three different time periods of co-culture 
according to Tukey’s HSD. 
  
Concentration of rosmarinic acid (mg/g DW)  
  
HR 2  HR 4  HR 5 
Days after 
subculturing 
(d) 
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root 
30  31.45 ± 1.42a 32.42 ± 1.51a  18.19 ± 3.41b 37.54 ± 5.11a  14.47 ± 1.49b 22.88 ± 1.32a 
60  37.54 ± 1.05b 57.20 ± 6.03a  81.82 ± 10.51b 127.87 ± 1.18a  35.82 ± 3.05b 55.60 ± 4.54a 
90  50.98 ± 3.22b 96.52 ± 10.70a  98.66 ± 2.75b 140.53 ± 3.04a     65.52 ±  3.98b 94.97 ± 7.53a 
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Table 4.6. Comparison of amounts of caffeic acid (mg/g DW) between control and mycorrhized hairy root lines of 
HR 2, HR 4 and HR 5 at three different ages of co-culture.* 
* Data represented as mean ± SEM of each of three replicates (n = 3) in mg. Different letters indicate significant 
differences (p ≤ 0.05) between control and mycorrhized hairy root lines at three different time periods of co-culture 
according to Tukey’s HSD. 
  
Concentration of caffeic  acid (mg/g DW)  
  
HR 2  HR 4  HR 5 
Days after 
subculturing 
(d) 
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root  
Control hairy 
root 
Mycorrhized 
hairy root 
30  0.35 ± 0.06b 2.36 ± 0.08a  0.58 ± 0.03b 2.21 ± 0.40a  0.32 ± 0.02b 0.43 ± 0.02a 
60  0.75 ± 0.04b 1.78 ± 0.29a  1.57 ± 0.03b 2.46 ± 0.24a  0.48 ± 0.01b 0.63 ± 0.04a 
90  1.68 ± 0.10b 2.04 ± 0.10a  0.62 ± 0.04b 1.33 ± 0.24a   0.56 ± 0.01b 0.67 ± 0.03a 
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4.3.3.4 Effect of mycorrhization on enzymatic activity: PAL activity 
Phenylalanine ammonia-lyase (PAL) is the key enzyme of the phenylpropanoid 
pathway. Its activity was assayed spectrophotometrically by quantifying the amount 
of cinnamic acid produced per minute per mg of protein. PAL activity was found to 
increase with age in both control hairy root and mycorrhized hairy root lines of all 
three hairy root lines. Significant differences were found between the control hairy 
root and mycorrhized hairy roots at all three ages of co-culture in HR 2 and HR 4 
(Figure 4.9). Amount of cinnamic acid produced was approximately two times 
higher in all mycorrhized samples of HR 2 and HR 4. A similar significant difference 
was also found in HR 5 for 30 d and 90 d old cultures. Highest PAL activity was 
found after 90 d of co-culture for HR 2 and HR 5. Similar results were observed in 
HR 4 where 90 d old culture of mycorrhized hairy root line showed highest PAL 
activity while in control hairy root line highest activity was found in 60 d old sample. 
A positive correlation of r value 0.7197 was found between RA content and PAL 
activity in HR 2. Similarly HR 4 also showed positive correlation of r value 0.7753. 
Compared to HR 2 and HR 4, the highest positive correlation (r = 0.9204) was found 
in HR 5. 
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Figure 4.9. Effect of mycorrhization on PAL activity of the three hairy root lines 
after three ages of co-culture. Data is represented as mean ± SEM of threes 
samples. a) Comparison between control and mycorrhized hairy root lines of HR 2, 
b) comparison between control and mycorrhized hairy root lines of HR 4 and c) 
comparison between control and mycorrhized hairy root lines of HR 5. Different 
letters indicate significant difference between control and mycorrhized hairy root 
lines by Tukey’s test. 
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4.4 Discussion 
The application of transformed hairy roots in mycorrhizal research is predominantly 
limited to studies on the similarities and differences between natural and in vitro 
mycorrhizal ontogenesis, production of mycorrhizal inoculums in axenic conditions, 
examination of host dependency,   nutrient assimilation studies and for raising 
cultures for molecular studies (Becard and Fortin, 1988; Chabot et al. 1992; St. 
Arnaud et al. 1996; Declerck et al. 1996; Pawlowska et al. 1999; Bi et al. 2004; 
Tiwari and Adholeya 2002; Toussaint et al. 2004; Kumar et al. 2013). Recently, 
Mrosk et al. (2009) reported the use of transformed hairy roots of Medicago 
truncatula for studying the similarities between natural and in vitro mycorrhizal 
symbioses and effect of Glomus intraradices colonization on root metabolites 
marking the need for more research in this field with transformed roots of plants 
having economical value. There are no reports on the development of mycorrhizal 
symbiosis with transformed roots of medicinally important plants and on the effect 
of such interactions. Mycorrhiza enhances medicinal plant growth and their 
secondary metabolites production in vivo (Zeng et al. 2013; Pedone-Bonfim et al. 
2015) and to my knowledge, this chapter for the first time reported the development 
of a co-culture in in vitro between transformed hairy root lines of O. basilicum and 
three types of mycorrhiza for studying  mycorrhizal ontogenesis and rosmarinic acid 
elicitation.  
Variation in response of hairy root lines to the three different types of mycorrhizal 
cultures was observed in this study. Both isolates of Rhizophagus irregularis were 
observed to colonize all three hairy root lines while Rhizophagus proliferus was 
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found to colonize HR 5 only. Significant difference in colonization percentage 
observed between the three hairy root lines for one type of mycorrhiza clearly 
indicated and as has been shown by others, that mycorrhizal ontogenesis is host 
dependent both in vitro and in vivo (Tiwari and Adholeya 2003; Eftekhari et al. 
2012). Furthermore, differences in colonization potential were also obtained between 
the three different mycorrhizal inocula used with HR 5. Variation in colonization 
percentage between different mycorrhizal inocula with a single host has also been 
identified earlier for tomato (Lopez-Raez 2010), Hypericum perforatum (Zubek et al. 
2012a), Valeraiana officinalis (Nell et al. 2010) and thus showed that mycorrhizal 
colonization is also correlated to AMF genotype. Both of these observations of host 
dependency and AMF genotype can be further supported by the fact that mycorrhizal 
morphogeneis is a finely regulated molecular interaction that occurs between the two 
partners  (Lopez-Raez  et al. 2010) and depends on triggering of appropriate 
signaling pathways. Differences in colonization potential between different 
mycorrhizal species for plants grown in vivo has been explained due to use of 
different growth conditions and P availability (Cecarelli et al. 2010) but differences 
obtained in my study may be explained due to no fungal penetration which further 
led to no activation of signaling pathways responsible for symbiosis development 
and reasons for such behavior can be explored further.  
Transformed hairy root; HR 5 was the most hairy root line compared with the other 
two transformed roots (HR 2 and HR 4) but hairiness was not found to effect co-
culture development as HR 5 was observed to develop symbiotic relationships with 
all three mycorrhizal fungi used in this study. It has been also reported that root 
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architectural traits like tap/ fibrous root system and root hairs (type, number and 
distribution) affect mycorrhizal response for plants growing in natural or within pot 
conditions (Sun and Tang 2013; Yang et al. 2014)  and transformed roots grown in in 
vitro conditions (Puri and Adholeya 2013). Contrary to the conclusion made by Sun 
and Tang (2013); Yang et al. (2014) and Puri and Adholeya (2013) it was observed 
in the current study that Rhizophagus proliferus colonized only HR 5 which as stated 
previously was the most hairy transformed root developed in this study. Mycorrhizal 
colonization was not affected by root thickness and hairy trait in vitro was 
established in this study opening up future opportunities to study similarities and 
differences in other mycorrhized hairy root cultures. 
Mrosk et al. (2009) reported no differences between transformed roots and roots of 
wild plants of Medicago truncatula with respect to the stages involved in 
development of the mycorrhizal symbiosis. Similar observations were made in the 
present study also by basic (light) and advanced (CLSM and SEM) microscopic 
techniques. All structures typical to mycorrhizal colonization such as inter-radical 
hyphae, arbuscules, vesicles, extra-radical hyphae and spores were observed in 
colonized hairy roots of O. basilicum. Autofluorescence of mycorrhizal structures 
was explored for the first time in the in vitro colonized root cultures of O. basilicum. 
Similar autofluorescence intensities were found in this study for all mycorrhizal 
structures in whole root segments as reported earlier by Dreyer et al. (2006) with 
transverse sections of palm roots. Masking of hyphal and vesicle autofluorescence by 
autofluorescence of arbuscules was not found in this study as reported earlier by 
Ames et al. (1982) and Gange et al. (1999). Such observation may be attributed to 
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the in vitro origin of roots used in the present study in comparison to hardened in 
vivo plant roots used in studies of Ames et al. (1982) and Gange et al. (1999).  
Arbuscules are reported to have a short life span of 8.5 days (Alexander et al. 1989) 
and a single cortical cell is competent for several rounds of arbuscular development. 
Javot et al. (2007) reported arbuscules to be transient structures as they grow to a 
maximum size in the cortical cell and then degrade following formation of septa in 
the hyphal attachment. Interestingly, a similar observation was made in the present 
study as both active and collapsed arbuscules were found in the HR 5 colonised with 
Rhizophagus proliferus. A similar transient nature of arbuscules in the in vitro 
colonized roots of Medicago truncatula have been also reported by Mrosk et al. 
(2009) by confocal microscopy. Thus, application of confocal microscopy for 
evaluation of the transient nature of arbuscules and state of mycorrhizal cell 
development can be proposed through my study.  
Scanning electron microscopy has been used since the early stages of mycorrhizal 
research as is evident from reports of Walker and Powell (1979); Glenn et al. (1985) 
and many others for detection of mycorrhizal structures in higher plant roots. It has 
also been used for detection of arbuscular mycorrhizal structures in liverworts 
(Russell and Bulman 2005; Duckett et al. 2006). But application of SEM for study of 
mycorrhizal structures in in vitro colonized roots has, to date, been limited to only 
two reports (Tiwari and Adholeya 2003; Puri and Adholeya 2013). Moreover, SEM 
was used in those two studies to characterize only root hairs and sporulation stages 
of mycorrhizal symbiosis with no report on imaging of sequential stages involved in 
mycorrhizal colonization. Thus in this chapter, I believe for the first time, scanning 
Chapter 4 
197 
 
electron microscopy was used to study the stages of mycorrhizal symbiosis in in 
vitro colonized (Rhizophagus irregularis isolate 1) hairy roots of O. basilicum. 
Similarity in the structure of arbuscules to that reported earlier by Walker and Powell 
(1979); Russell and Bulman (2005) and Duckett et al. (2006) was found in this study. 
These new observations further supported the results of the confocal microscopy 
analysis that mycorrhizal development stages in normal and transformed roots were 
alike. This study also presents the use of the selected mycorrhized roots developed in 
this study as a way of exploring mycorrhizal structures and their influence on plant 
cells at an ultrastructural level, for example, by the use of transmission electron 
microscopy in future.  
The developed co-cultures of Rhizophagus irregularis isolate 1 with three hairy root 
lines (HR 2, 4 and 5) were selected for studying potential of mycorrhiza as an 
elicitor. Rhizophagus irregularis used in this study was previously identified as a 
model AMF fungus due to its  high multiplication rate in vitro (Ceballos et al. 2013) 
and was one of the reasons for its selection in the current study. Mycorrhizal 
interactions are well known for beneficial effects on plant growth (mainly aerial 
parts) and have been extensively studied in plants in vivo (Gupta et al. 2002; Kapoor 
et al. 2002a; Kapoor et al. 2002b; Sailo and Bagyaraj 2005; Ceccarelli et al. 2010; 
Karagiannidis et al. 2011; Zubek et al. 2012a and many others). Furthermore, the 
effect on growth parameters is commonly assessed after a set interval of time, for 
example, 6 months, 45 days etc. overruling the importance of studying mycorrhizal 
impact with respect to time. In this chapter, the influence of mycorrhizal colonization 
was studied after three time periods of co-culture to correlate with secondary 
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metabolite content. No significant difference were found in either root length or its 
biomass, contrary to the observations made in vivo on mycorrhized cassava roots of 
two varieties (Ceballos et al. 2013), clover root (Zhang et al. 2013), artichoke roots 
(Ceccarelli et al. 2010), Echinacea roots (Araim et al. 2009) and coleus roots (Sailo 
and Bagyaraj 2005). This result clearly indicated that root length or root biomass was 
not affected after mycorrhizal colonization in vitro and transformed nature of roots 
can be proposed as one of the reason for such observation. 
Phenolics are a class of secondary metabolites produced by plants and play important 
roles in plant defense (Eftekhari et al. 2012). Mycorrhization increases phenolic acid 
content in colonized plants as reviewed by Yao et al. (2007) and Mandal et al. 
(2010). Total phenolic content reported here in mycorrhized hairy roots was found to 
be slightly higher than control hairy roots at all time points. Interestingly, in the 
present study the highest total phenolic content was found in mycorrhized roots of 
HR 2 at all ages and can be correlated with its higher colonization percentage. This 
observation is supported by the suggestion made by Zubek et al. (2012a) that 
increased phenolic content is a defensive response to fungal colonization by the root 
cell. Furthermore, increase in phenolic content of mycorrhized roots of Medicago 
truncatula in comparison to non-mycorrhizal roots was also correlated to Kreb 
cycle’s activation and plastidial metabolism which increased level of endogenous 
fatty acid, carotenoids and aminoacids like tyrosine which are parent molecule of 
phenolics (Lohse et al. 2005). As phenolics have important medicinal activities, 
mycorrhization can be used as an effective phenomenon for increasing their 
production. 
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HPLC analysis of the extracts showed no difference in the metabolite profile of the 
control and mycorrhized hairy root sample as earlier observed in a study on 
mycorrhized roots of onion (Grandmaison et al. 1993) and can be further justified by 
mass spectral analysis. Rosmarinic acid (RA) is the major polyphenol found in the 
roots of different cultivars of O. basilicum (Srivastava et al. 2014). To, my 
knowledge the current study is the first to report effect of mycorrhization on RA 
content in the in vitro developed co-culture system. Significant differences were 
found in RA content between control and mycorrhized hairy root lines (HR 2, 4 and 
5). Effects of mycorrhization on RA production have been reported earlier in basil 
(Toussaint et al. 2007, Toussaint et al. 2008, Lee and Scagel 2009 and Scagel and 
Lee 2012) and sage (Nell et al. 2009) with plants grown in pot system under 
greenhouse condition. These studies are quite different to those performed in this 
chapter in terms of experimental design, experimental system, plant material and 
purpose of study making it difficult to make direct comparisons with published 
reports. However, with respect to normal plant roots, higher RA content was reported 
in roots of mycorrhized (Glomus mosseae) plants than in non-mycorrhized controls 
by Toussaint et al. (2008) and support the observation made in the current study of 
increased RA content in mycorrhized hairy roots of O. basilicum. Elicitation of 
caffeic acid was also found in the current study for all hairy root lines after 
mycorrhization.  
Increases in the content of polyphenols and other secondary metabolites after 
mycorrhization is likely the result of the influence of AMF on phytohormones 
production, stimulation of signaling cascades and ultimately those biosynthetic 
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pathways that lead to the increased production of defense-related compounds (Zubek 
et al. 2010; Ceccarelli et al. 2010; Zubek et al. 2012a; Zhang et al. 2013; Andrade et 
al. 2013; Zubek et al. 2015a,). Increases in expression level of the major enzymes 
involved in the biosynthetic pathways of secondary metabolite have also been 
explored and proposed as the basis for increased production of phenolics due to 
mycorrhization (Zhang et al. 2013; Andrade et al. 2013). All these reports clearly 
indicate that AM association leads to alteration of plant specialized metabolism 
through alteration of the expression of specific genes. 
Zhang et al. (2013) showed increases in free and cell bound phenolics in 
mycorrhized roots of clover and correlated it with the phenylalanine-ammonia lyase 
(PAL) activity. They also reported increase in PAL activity after mycorrhization in 
clover roots. Similar results of increased PAL activity were found in the present 
study also. Positive correlation of increased PAL activity with RA levels in all three 
mycorrhized root lines showed that both are corelated. The effect of mycorrhization 
on signaling molecules such as hydrogen peroxide (H2O2), salicylic acid (SA), nitric 
acid (NO) and phytohormones such as jasmonic acid (JA), abscissic acid (ABA) can 
be taken up in further research to find correlation with phenolic and RA production 
for roots grown in vitro. 
Consequently, the present study demonstrated development of hairy root mycorrhiza 
co-culture system in vitro for mycorrhizal ontogenesis and elicitation studies. That 
mycorrhiza can act as a biotic elicitor in vitro was also shown. Further, the utility of 
advanced microscopic techniques for exploration of mycorrhizal structures at 
subcellular levels was also shown. The study thus sets up a platform for exploration 
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of other mycorrhizal inocula for their elicitation potential in vitro, identification of 
phytohormones and signaling molecules related to mycorrhizal responses and for 
further analysis of the roles of genes and their products that are related to the 
production of secondary metabolites. Rhizophagus irregularis isolate 1- HR 2 co-
cultures were selected against their high mycorrhization potential and RA content for 
green extraction protocols that were assessed in the next chapter.  
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Chapter 5: Development of a green extraction methodology 
for rosmarinic acid from mycorrhized hairy roots without 
affecting mycorrhizal and root viability  
5.0 Abstract 
Mycorrhized hairy root cultures of medicinal plants are a potential resource of 
mycorrhiza and medicinally important compounds. Both of these products are 
important to agricultural and pharmaceutical industries thus their efficient separation 
is needed. Solvent extraction techniques commonly used for metabolite extraction 
may have negative impact on mycorrhizal viability and growth thus development of 
a green extraction methodology which retains mycorrhizal and root viability along 
with RA extraction was studied in this chapter. Techniques such as temperature and 
sonication assisted extraction in solvents such as ethanol, methanol, acetone, DMSO, 
ionic liquids, nonane, dedecane and surfactant (Triton X-100) were screened here. 
Inverse relationship between temperature and mycorrhizal and root viability was 
found. 30 °C was selected as optimum temperature for sonication assisted extraction 
studies. Among ethanol, methanol and acetone used for sonication assisted extraction 
studies, 10 % methanol was found as suitable solvent for RA extraction and 
maintenance of mycorrhizal and root viability. Along with methanol, 0.25 M of ionic 
liquid and all percentages of DMSO also showed higher mycorrhizal viability after 
sonication assisted extraction. Ethanol, acetone, biocompatible solvents, Triton X- 
100 were found incompatible as green solvents in this study. This study for the first 
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time demonstrated the possibility for development of a nondestructive extraction 
methodology with mycorrhized hairy root cultures. 
5.1 Introduction 
Utility of mycorrhized hairy root cultures of medicinal plants to both agricultural and 
pharmaceutical industries lies in their ability to produce mycorrhizal propagules as 
well as secondary metabolites having medicinal importance. For the industrial 
application of the developed mycorrhized roots (from chapter 4), it is necessary to 
separate the biological and biochemical product in such a manner that secondary 
metabolite is extracted from the root cell with mycorrhizal and root cell viability 
maintained. Targeted extraction of rosmarinic acid (RA) from the mycorrhized root 
matrix is thus needed. Conventionally used extraction methodologies such as soxhlet 
extraction use powdered plant material, require large volume of organic solvents and 
are time consuming (Teo et al. 2010; Zu et al. 2012). Organic solvents used in 
conventional extraction procedures are costly and toxic to both the environment and 
human health (Zu et al. 2012). Furthermore, use of powdered root material and 
organic solvents for RA extraction from mycorrhized roots may have negative 
impacts on mycorrhiza and root viability. Thus possible approaches for 
nondestructive extraction where mycorrhizal and root viability are maintained can be 
(i) the use of whole root material with a low concentration of organic solvents or (ii) 
use of green extraction methodologies. 
Chemat et al. (2012) defined “green extraction” as a process which targets the use of 
environment friendly solvents in an energy efficient manner for a high quality 
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product yield. Various methodologies such as accelerated solvent extraction, 
pressurized liquid extraction, super critical carbon dioxide extraction, microwave 
assisted extraction, ultrasonication assisted extraction are nowadays recognized as 
green extraction technologies (Herrero et al. 2010; Mustafa and Turner 2011; Zhang 
et al. 2011; Rodriguez-Rojo et al. 2012; Azmir et al. 2013). Other than 
ultrasonication assisted extraction, all green extraction methodologies require 
specialized instrumentation and are associated with drawbacks of use of very high 
pressure and temperature regimes making them unsuitable for retaining viability of 
mycorrhiza. Ultrasonication assisted extraction using water and organic solvents 
(Paniwynk et al. 2009; Rodriguez-Rojo et al. 2012) have been reported widely for 
secondary metabolite extraction. The high extraction efficiency found in 
ultrasonication assisted extraction is attributed to increased mass transfer of the 
metabolite due to formation of cavitation bubbles produced by ultrasonic waves 
(Rodriguez-Rojo et al. 2012; Hossain et al. 2012). Other than its utility for secondary 
metabolite extraction, ultasonication has also been studied to preserve the viability of 
mentha plants after extraction of menthol (Shotipruk et al. 2001). 
Green extraction methodologies are reported for plants belonging to the family 
Lamiaceae for extraction of phenolics such as rosmarinic, caffeic and carnosic acids 
(Paniwynk et al. 2009; Herrero et al. 2010; Rodriguez-Rojo et al. 2012; Hossain et 
al. 2012). In most of the investigations dried plant material (leaf) are reported for 
extraction of rosmarinic acid (RA) by green extraction methodologies. Herrero et al. 
(2010) reported the use of pressurized liquid extraction (PLE), supercritical fluid 
extraction and water extraction and particle formation (WEPO) for RA extraction 
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and identified PLE to be better than the other two processes using ethanol and water 
as solvent system. In an another report accelerated solvent extraction using different 
percentage of methanol and high temperatures are also reported for RA extraction 
from rosemary, marjoram and oregano (Hossain et al. 2012). Other than dried plant 
material fresh plant material with ultrasonication assisted and microwave assisted 
extraction have also been studied (Rodriguez-Rojo et al. 2012) for RA yield. All the 
techniques reported in the literature for RA extraction either from fresh/ dried plant 
material involved sample destruction and are thus not suitable for preservation of 
mycorrhizae which is the main aim of the current study.   
Limiting the loss of plant cell and mycorrhizal viability was the main criterion for 
the development of a nondestructive extraction methodology in this study. Weathers 
et al. (1995) reported the use of three basic steps for extraction of secondary 
metabolites along with maintenance of plant cell viability in the hairy roots of 
beetroot. The steps included chemical or thermal destabilization of plant cell 
membranes followed by secondary metabolite extraction and final restabilization to 
preserve plant cell viability. Similarly, Shotipruk et al. (2001) also reported the use 
of water and ultrasonication for menthol extraction with plant viability maintained. 
In another report by Wang et al. (2001), low percentages of methanol and increased 
temperature were used for extraction of isoflavanoids while maintaining seed 
viability. All these studies support methods that allow the viability of plant cells to 
be maintained after extraction. 
For efficient extraction of any compound from the plants the size of matrix, solvent 
system and extraction methodology (includes time and temperature also) play an 
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important role (Thoo et al. 2010). Ethanol, methanol and acetone are the commonly 
used organic solvents for extraction of RA (Wang et al. 2004; Paniwynk et al. 2009; 
Rodriguez-Rojo et al. 2012; Dent et al. 2013). Recently ionic liquids have been also 
reported as potential green solvents for RA extraction from rosemary (Zu et al. 
2012). Ionic liquids are a class of organic salts which have organic cation (like 
dialkylimidazolium) and inorganic anion (like Cl-) and exist as liquids at a relatively 
low temperature (<100 °C). They have gained attention as an attractive alternative to 
organic solvents due them being non-flammable and chemically and thermally stable 
(Zhu et al. 2006). Other than the above mentioned solvents, dimethyl sulfoxide 
(DMSO) is also reported for RA extraction and cell viability maintenance for 
suspension cultures of C. blumei (Park and Martinez 1992).  
Increased temperature enhances extraction efficiency but mycorrhizal colonization is 
known to be effected by temperature in both natural and root organ culture systems 
(Staddon et al. 2002; Gavito et al. 2005) showing the need for identification of the 
optimal temperature for metabolite extraction from mycorrhized roots. Thus use of 
water or low percentage organic solvents or ionic liquids at different temperature 
regimes with shaking  (slow extraction) and sonication (fast extraction) can be put 
forward as possible methods for extraction of RA from mycorhized hairy root 
cultures while maintaining the root and mycorrhizal viability.  
Mycorrhizal spore viability is often studied using MTT; 3-(4, 5-Dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide which is a yellow tetra-azole substrate. MTT is 
actively taken up by living cells and reduced by mitochondrial reductases to a purple 
formazan product. In the case of mycorrhizal spores, a red color is an indicator of 
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viability due to the lipid soluble nature of the purple formazan product into red 
colored product and green or black or colorless spore are considered nonviable 
(McArthur and Knowles 1993). Other than the MTT test, growth of treated 
mycorrhized hairy roots on media in in vitro condition is also an indicator of 
viability. 
The term “green extraction” used hereto in this study refers to extraction 
methodologies where mycorrhizal and root viability are maintained after extraction 
of RA. In this chapter two basic approaches were adapted for efficient green 
extraction method development. One approach was based on extended contact 
(shaking) with the low percentage of solvents and roots at four different temperatures 
while a second was concerned with immediate contact (sonication) of the solvent 
with the mycorrhized roots and fast release of RA. The process development 
included four stages of a) material selection b) pretreatment c) treatment and d) post 
treatment. The first treatment methodology of this chapter was to screen low 
percentage ethanol and methanol at four different temperatures with shaking and 
second was to screen different percentages of methanol, ethanol, acetone, DMSO, 
ionic liquid and surfactant (Triton X-100) with sonication for the development of 
green extraction methodology using the developed mycorrhized hairy root cultures 
of HR 2. In addition to solvent extraction technique, Solid CO2 assisted extraction 
was also performed. Post treatment, the treated roots and mycorrhiza were tested for 
viability. On the basis of the results obtained alternatives for green extraction of RA 
from mycorrhized hairy root cultures were identified in this study. 
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5. 2 Materials and Methods 
5.2.1 Preparation of HR 2 – Rhizophagus irregularis isolate 1 culture for green 
extraction development and selection of starting material 
HR 2 colonized with Rhizophagus irregularis isolate 1 was selected from chapter 4 
of this thesis for mass production of mycorrhizal roots and green extraction studies. 
Mycorrhized root cultures of HR 2 were selected and then subcultured to glass jam 
jars (300 cm3) having 100 mL of M media. The inoculated jars were then incubated 
in the dark at 26 °C (ET-650-8, Lovibond, Dortmund, Germany) for 120 d. The jars 
were observed weekly for any contamination and to monitor growth of the 
symbionts. After 120 d, highly colonized mycorrhized root cultures in jars were used 
for green extraction development studies. The mycorrhized hairy root cultures from 
each jar were harvested in 100 mL of 10 mM sodium citrate buffer (Doner and 
Becard 1991) and cut into segments of 1 cm using a forcep. To study the loss of 
rosmarinic acid (RA) into the buffer, the RA content in the buffer was quantified 
using HPLC.  
5.2.2 Pretreatment of the harvested mycorrhized root material for green 
extraction development- soaking in water 
Freshly harvested and 1 cm long segments of mycorrhized root material (100 mg) 
was soaked in 1 mL of water for the three time periods at room temperature to study 
the effect of soaking on RA yield. The experiment had five replicates each for 6 h, 
12 h and 24 h of soaking. The RA content in the buffer was quantified using HPLC. 
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5.2.3 Methods for development of green extraction methodology 
Different solvents were screened for development of green extraction protocol. All 
optimization protocols except Solid CO2 extraction were carried out under aseptic 
conditions with 100 mg of mycorrhized roots (1 cm long) in 10 mL of the solvent in 
a 70 mL test tube (Borosil, New Delhi, India). All required percentages of solvents 
were prepared in a total volume of 10 mL of water. Every extraction experiment was 
performed with five replicates. After every treatment, the extractant (with final 
volume made to 10 mL in a volumetric flask) and roots were processed as described 
in the post treatment methodology. 
5.2.3.1 Temperature assisted extraction (TAE): Water as an extractant 
Four temperatures (25 °C, 30 °C, 40 °C and 50 °C) were studied. The test tubes with 
10 mL water were equilibrated to required temperature in a water bath (Heto HMT 
200, Heto Lab Equipment, Allerod, Denmark) before addition of mycorrhized roots 
to the test tubes. After addition of mycorrhized roots, the test tubes were incubated 
for 6 and 12 h in shaker (Kuhner Shaker, Basel, Switzerland) at required temperature 
and 100 rpm. The treated roots were then processed as described in the post 
treatment methodology.  
5.2.3.2 Temperature assisted extraction (TAE): organic solvents (low percentage 
of methanol and ethanol) 
All steps were similar to section 5.2.3.1 except for 10, 20 and 30 % (v/v) of methanol 
and ethanol in water were prepared in this section and used for temperature assisted 
extraction. 
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5.2.3.3 Sonication assisted extraction (SAE): solvents and surfactant 
Sonication assisted extraction was performed using waterbath assisted sonicator 
(B3510E-DTH, Branson Ultrasonics, Danbury, U.S.A.) at  30 °C  for 15 min. 
Methanol (10, 20, 30, 40, 50 and 100 %), ethanol (10, 20, 30, 40, 50 and 100 %), 
acetone (10, 20, 30, 40, 50 and 100 %), dimethylsulfoxide (1, 0.5, 0.1 %), 
biocompatible solvents (nonane and dedecane; 100 %) and Triton X-100 (1, 2 and 3 
%) were studied in this section. Dimethyl sulfoxide, nonane, dodecane and Triton-X 
100 were purchased from Sigma (Bangalore, India) while all others were purchased 
from Merck (Mumbai, India). Water was used as control for each of the treatments 
mentioned above. After every treatment the extractant (final volume was made to 10 
mL with the respective solvent in a volumetric flask) and roots were processed as 
described in the post treatment methodology. 
5.2.3.4 Sonication assisted extraction (SAE): ionic liquids as a green extractant 
To test whether ionic liquids can be used for extraction of RA from mycorrhized 
roots of O. basilicum, a comparison between water, methanol (100 %) and ionic 
liquid (1 M) was performed using dried roots. 1 M of 3 methyl-imidazolium bromide 
(Sigma. Bangalore, India) was prepared and used for comparison studies. In detail, 
100 mg of the dried mycorrhized roots was first soaked in 1 mL of water, methanol 
and ionic liquid (1 M) respectively for 2 h. After soaking for two hours, roots were 
added to 9 mL of respective solvents in the test tubes and sonicated (B3510E-DTH, 
Branson Ultrasonics, Danbury, U.S.A.) for 15 min at 25 ± 2 °C (Zu et al. 2012). 
After sonication 1 mL of the soaked extractant was added to 9 mL of extractant after 
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sonication. The pooled extractant (final volume; 10 mL) and roots were processed as 
described in post treatment methodology. 
5.2.3.5 Comparison between low molarity ionic liquids  
Three low molarity (0.25, 0.50 and 0.75 M) solutions of ionic liquid were prepared. 
To 10 mL of each molar solution, 100 mg of root was added and set for sonication 
for 15 min. The ionic liquid and roots were then processed as described in the post 
treatment methodology. 
5.2.3.6 Solid CO2 assisted extraction and scanning electron microscopy of 
treated samples 
The methodology used here is an adaptation of solid CO2 extraction used for 
limonene extraction (McKenzie et al. 2004). Solid CO2 and copper wire used for 
preparation of a root holder was purchased from a local market. The root holder was 
placed in a 15 mL falcon tube. 100 mg of harvested mycorrhized root was then 
placed on the root holder, followed by packing of the whole tube with crushed dry 
ice. The falcon tube was then closed tight and kept in a beaker containing water set at 
60 °C (Figure 5.1). After dissolution of dry ice (approximately 3 min), tube was 
opened and phenolics droplets on wall of the tube and root sample were processed as 
described in post treatment analysis. The effect of solid CO2 was also studied on 
mycorrhized root sample by scanning electron microscopy (EVO MA10, Carl Zeiss 
Microimaging GmbH, Jena, Germany). A voltage of 7 kV was maintained while 
imaging of all the samples. 
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Figure 5.1. Digrammatic representation of the experimental system used for 
Solid CO2 assisted extraction with mycorrhized root cultures.           
5.2.4 Post treatment analysis: RA content, mycorrhizal and root viability 
After treatment three major analyses were performed to study the effect of treatments 
on the RA amount (HPLC analysis), mycorrhizal viability (MTT assay) and 
colonized root viability (root growth, hyphal growth and spore germination on M 
medium). 
5.2.4.1 RA content 
HPLC analysis of the treated mycorrihzed hairy root extracts was performed for the 
quantification of RA. HPLC (CBM- 20A, Shimadzu, Kyoto, Japan), equipped with a 
quaternary pump (LC - 20AT), solvent degasser system (DGU - 20 A5), autosampler 
(SIL – 20A) and diode array detector (SPDM – 20A) was used. Inbuilt software 
(Shimadzu, LC solution) was used to control the HPLC pump and acquire data from 
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the diode array detector. Separations were performed on a C18 Phenomenex column 
(Gemini- NX 250 mm × 4.6 mm × 5 μm). A gradient program was developed for RA 
quantification using HPLC grade water + 0.1 % (v/v) ortho Phosphoric Acid (OPA) 
in water (Mobile phase A) and Methanol (HPLC grade, Merck, Mumbai, India) + 0.1 
% OPA (v/v) (Mobile phase B) in water as mobile phase. The program used was as 
follows:  0 - 2 min isocratic 0 % B, 2 - 5 min linear gradient to 40 % B, 5 - 10 min a 
linear gradient to 50 % B, from 10 - 18 min isocratically maintained at 50 % B and 
18 - 23 min a decreasing gradient from 50 % to 40 % and finally from 23 - 25 minute 
0 % B for column washing. The flow rate of the mobile phase was 1.0 mL/ min and 
the wavelength used for detection was 280 nm with an injection volume of 20 μL. 
Unknown samples were identified by comparison of the retention times with those of 
a commercial standard of RA (Sigma, Bangalore, India). Quantification of RA in the 
samples was determined by comparison of integrated peak area for each sample with 
a standard calibration curve prepared for RA over a concentration range of 20 -100 
mg/ L. 
5.2.4.2 Spore viability (MTT) assay  
0.01 % of MTT [3- (4, 5 Dimethylthiazol-2-yl) - 2, 5- diphenyltetrazolium bromide] 
purchased from Sigma (Bangalore, India) was prepared in water and the treated roots 
were then soaked in 1 mL of MTT solution for 40 h. at 28 °C. After incubation of 40 
h, the roots were observed under stereomicroscope (SZ16, Olympus, Japan) and 
viability percentage was calculated. Red, pink or purple colored spores were 
considered viable while colorless, green or black colored spores were considered 
nonviable (McArthur and Knowles 1993). 
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5.2.4.3 In vitro mycorrhizal root viability studies 
After treatment mycorrhized roots were placed on M medium plates and roots tip 
positions were marked as a reference for root growth measurements. The plates were 
then observed for mycorrhizal (hyphal growth and spore germination) and root 
growth after every 7 days. 
5.2.5 Statistical analysis 
All data presented in this study are expressed in terms of mean ± SEM. Raw data 
was analyzed using a commercial statistical package (GraphPad Prism 6). Two way 
ANOVA using Sidak’s multiple comparison test was used to study the difference (p 
≤ 0.05) in the RA content between 6 h and 12 h samples of ethanol and methanol 
treatments when used for temperature assisted extraction. One way analysis of 
variance with a Tukey’s HSD test of significance at p ≤ 0.05 was used to determine 
the difference in RA content between the different percentages of ethanol, methanol, 
acetone, DMSO, ionic liquids and Triton X-100 after SAE. Similarly to the study of 
the effect of different treatments on the mycorrhizal spore viability (viability 
percentage) was compared between treatments using Tukey’s HSD test of 
significance at p ≤ 0.05. 
5.3 Results 
5.3.1 Selection of starting material- deionized roots 
When mycorrhized roots are harvested into sodium citrate buffer there may be a loss 
of RA into the buffer. This potential loss of RA into the buffer was quantified. No 
peak of RA (retention time, 15.38 min) was detected in the HPLC chromatogram of 
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the buffer obtained after deionization of mycorrhized roots, although other 
metabolites was detected (Figure 5.2).This analysis clearly suggested that RA is not 
released into the buffer in measurable amounts showing that there was little or no 
loss of the targeted metabolite and that deionized roots can be used for development 
of a green extraction methodology.  
 
Figure 5.2. HPLC chromatogram of the deionized buffer. The chromatogram 
showed absence of RA peak at 15.28 min (green arrow), but other polyphenols were 
detected in the sample. 
5.3.2 Pretreatment: soaking in water 
The harvested mycorrhized roots were soaked in water for the three different time 
periods to examine the effect of soaking on RA yield. Soaking had no effect on RA 
release into water after 6 h, 12 h and 24 h. HPLC chromatograms obtained with the 
three time periods were similar to that of deionized buffer (Figure 5.2). This analysis 
Chapter 5 
216 
 
also showed that water is not suitable for RA extraction at room temperature after 6/ 
12 / 24 h of incubation. 
5.3.3 Temperature assisted extraction (TAE) 
5.3.3.1 RA content 
No RA was found in any percentage of ethanol or methanol at 25 °C after 6 h and 12 
h of incubation. Other than 25 °C, it was detected for each of the other three 
temperatures after 6 and 12 h of incubation. At 30 °C, no significant difference in 
RA content was found between the 6 and 12 h samples at any percentage of ethanol 
(Figure 5.3 a). No RA was detected at the same temperature in 10 % methanol while 
significant difference was found between 20 and 30 % after 6 and 12 h of incubation 
(Figure 5.3 b). Significant difference was found between 30 % methanol and 30 % 
ethanol after 6 h and 12 h of incubation at 30 °C. 30 % methanol at 30 °C can be 
identified best for RA extraction after 6 or 12 h of incubation (Figure 5.3 a, b). 
Significant differences were found between 6 and 12 h samples for both ethanol and 
methanol at 40 and 50 °C (Figure 5.3 c, d, e and f). Very low amount of RA (0.006 ± 
0.001 mg/ L) was detected in water after 12 h of incubation at 50 °C. Interestingly, 
on comparison between ethanol and methanol at 40 and 50 °C, higher RA content 
was found in all percentages of ethanol which is opposite to the observation made for 
30 °C. Use of a higher percentage of solvent at a higher temperature for a prolonged 
time period enhanced RA yields.  
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Figure 5.3. Temperature assisted extraction of RA from mycorrhized roots in 
low percentages of ethanol and methanol at three different temperatures. a and 
b) Comparison between 6 and 12 h of incubation in low percentage of ethanol and 
methanol at 30 °C, c and d) comparison between 6 and 12 h of incubation in low 
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percentage of ethanol and methanol at 40 °C, e and f) comparison between 6 and 12 
h of incubation in low percentage of ethanol and methanol at 50 °C. Data is 
represented as mean ± SEM of each of five replicates (n = 5). Different letters 
indicate significant differences (p ≤ 0.05) between two time periods. 
5.3.3.2 Mycorrhizal viability: MTT test 
MTT test was used to detect mycorrhizal viability after TAE. Red colored spores 
(intra-radical and extra-radical) were considered viable (Figure 5.4 a, b).  The highest 
viability percentage was found in the control of all the treatments. Temperature 
clearly affects mycorrhizal viability as a decrease in viability percentage was 
observed with increased temperature. Minimal or no viability percentage was found 
at 50 °C. MTT test comparisons within one solvent showed a decrease in 
mycorrhizal viability with increase in percentage of the solvent and time period of 
incubation at all temperatures. 6 h treatment can be considered better than 12 h in 
terms of higher viability percentage. Viability percentage was found to be higher in 
methanol in comparison to ethanol. 10 % of ethanol and methanol were identified as 
the percentage of solvent that were optimum for maintaining mycorrhizal viability 
after 6 h at 30 and 40 °C.  Thus solvent (10 % methanol or ethanol), temperature (30 
and 40 °C) and time (6 h) were identified as optimal conditions for maintaining 
mycorrhizal viability (Table 5.1).  
5.3.3.3 Root and mycorrhiza growth on M media 
Variable results in root and hyphal growth were obtained. In control, root growth 
was observed for samples treated at 25 and 30 °C, while no root growth or retarded 
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growth was obtained for samples treated at 40 and 50 °C after 6 and 12 h. Both root 
and hyphal growth was obtained only in 10 % methanol at 25 and 30 °C after 6 and 
12 h of treatment (Figure 5.5 and 5.6). 10 % methanol at 30 °C can be screened for 
maintaining mycorrhizal and root viability. 
 
Figure 5.4. A representative figure showing viable (red colored) mycorrhizal 
spore on the colonised roots of O. basilicum after temperature assisted 
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extraction. a) Extra-radical viable spore (ers), b) intra-radical viable spore (irs). “r” 
stands for colonised root. Scale of a and b = 100 μm. 
Table 5.1.Viabilty percentage of mycorrhizal spores after temperature assisted 
extraction in ethanol and methanol at four different temperatures.* 
Percentage 
of solvent 
and time 
Spore viability (percentage) 
Temperatures used 
Ethanol/6 h 25 °C 30 °C 40 °C 50 °C 
Control 90.00 ± 0.00 a 81.41 ± 1.86a 88.00 ± 2.55a 7.40 ± 1.66a 
10 %  56.67 ± 8.81b 81.00 ± 2.44a 80.00 ± 4.47a 1.21 ± 0.21b 
20 %  46.67 ± 3.33c 77.00 ± 3.00a 26.00 ± 5.09b Nil 
30 %  30.00 ± 5.74d 66.00 ± 2.95b Nil Nil 
Ethanol/12 h 
Control 90 .00± 0a 90 .00± 0a 83.00 ± 4.89a Nil 
10 %  38 ± 5.831b 52.00  ± 8.00b 21.00 ± 3.31b Nil 
20 %  36 ± 9.798b 48 .00 ± 5.83b 10.00 ± 0c Nil 
30 %  15 ± 4.183c 38.00  ± 6.63c Nil Nil 
Methanol/ 6 h 
Control 90.00 ± 0a 81.40 ± 1.86a 90.00 ± 0a 7.40 ± 1.66a 
10 %  75.00 ± 2.33b 79.00 ± 5.33a 90.00 ± 2.73a 3.60±  1.77b 
20 %  65.00 ± 3.16c 52.00 ± 5.83b 38.00 ± 2.00b Nil 
30 %    5.00 ± 0d 11.00 ± 3.67c    5.00 ±   3.87c Nil 
Methanol/ 12 h 
Control 90.00 ± 0a 90 .00 ± 0a 83.00 ± 4.89a Nil 
10 %  78.00 ± 2.00b 71.67 ± 4.41b 80.00 ± 2.73a Nil 
20 %  68.00 ± 1.12c 51.67 ±1.66c 36.00 ±10.30b Nil 
30 %  35.80 ± 2.94d 43.33 ± 8.81d 16.41 ± 3.53c Nil 
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*Data is represented as mean ± SEM of each of five replicates (n = 5) in percentage. 
Different letters indicate significant differences (p ≤ 0.05) between different 
percentages of solvent at one temperature according to Tukey’s HSD. Highlighted 
figures show percentage and temperature which can be selected for further 
investigation. 
 
Figure 5.5. A representative figure showing root growth on M medium in a 90 
mm Petri dish for control and treated samples after 1 month of incubation at 26 
°C. a) Control  roots after 6 h of treatment in water at  30 °C, b) roots treated in 10 % 
methanol after 6 h of incubation at  30 °C. Scale bar = 1.8 cm. 
 
Figure 5.6.  A representative figure showing hyphal growth in the control and 
treated samples after temperature assisted extraction after 1 month of 
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incubation. a) Control  plate after 6 h of treatment in water at  30 °C, showing 
growing hyphae (h; indicated by arrow) and spores (s; indicated in a circle), b) roots 
treated in 10 % methanol after 6 h of incubation at 30 °C showing hyphae (h) and a 
spore. Scale bar = 100 μm. 
5.3.4 Sonication assisted extraction (SAE) in organic solvents 
5.3.4.1 RA content 
For fast extraction of RA with mycorrhizae and root viability maintained, sonication 
assisted extraction was also tested in this study using methanol, ethanol and acetone. 
A low amount (0.022 ± 0.001 mg/ L) of RA was detected in water after sonication 
for 15 min. A significant difference was found between different percentages of 
solvents (Figure 5.7). At low percentages (10 and 20 %) high RA yield was found in 
ethanol in comparison to methanol and acetone while at percentage higher than 20 
%, acetone was found to have higher RA content than the other two followed by 
methanol.  
5.3.4.2 Mycorrhizal viability: MTT test 
MTT results showed low viability percentage in ethanol and acetone while good 
viability percentage was obtained in 10 and 20 % methanol (Table 5.2). On 
comparison between ethanol and acetone, ethanol was found to affect viability 
percentage most showing that ethanol is more toxic. Methanol can be selected for 
retaining viability of mycorrhizal spores. 
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5.3.4.3 Root and mycorrhiza growth on M media 
Similar to the MTT results, no root and hyphal growth was obtained in samples 
sonicated in ethanol and acetone. Positive root growth and hyphal growth similar to 
that observed in TAE was observed for samples sonicated in 10 % methanol (Figure 
5.5 and 5.6). 
 
Figure 5.7. Comparison between different percentages of methanol, ethanol and 
acetone for RA extraction from mycorrhized roots after sonication assisted 
Chapter 5 
224 
 
extraction. a) Methanol, b) ethanol and c) acetone. Data is represented as mean ± 
SEM of each of five replicates (n = 5). Different letters indicate significant 
differences (p ≤ 0.05) between different percentages of the solvent used. 
Table 5.2. Viabilty percentage of mycorrhizal spores after sonication assisted 
extraction in different percentages of the solvent used. * 
Spore viability (percentage) 
 
Percentage 
of solvent 
Ethanol Methanol 
 
Acetone 
 
Control 84.00 ± 7.31a 100 .00 ± 0a 83.33 ± 1.66a 
10 %  21.00 ± 4.58b 80.00 ± 1.58b 35.00 ± 2.88b 
20 %  13.00 ± 2.00c 77.00 ± 4.89c 20.00 ± 5.77c 
30 %  9.00 ± 4.58d 73.00 ± 3.00c 16.67 ± 4.41d 
40 % 2.00 ± 1.22e 73.00 ± 3.39c 7.33 ± 2.66e 
50 % Nil 40.00 ± 5.70d Nil 
100 % Nil 1.40 ± 0.97e Nil  
*Data is represented as mean ± SEM of each of five replicates (n = 5). Different 
letters indicate significant differences (p ≤ 0.05) between different percentages of the 
solvent and water used. Highlighted figures show percentage and temperature which 
can be selected from this study. 
5.3.5 Sonication assisted extraction in ionic liquid 
5.3.5.1 Comparison between water, ionic liquid and methanol for extraction of 
RA and mycorrhizal viability 
3 methyl-imidazolium bromide (1 M) was compared with water and methanol as 
extractants of RA from dried mycorrhized roots (Figure 5.8 a). 0.97 ± 0.01mg/ g DW 
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of RA was found in ionic liquid. RA amount (mg/ g DW) found in ionic liquid was 
4.5 times higher than water but lower than methanol (two times). On MTT analysis, 
no viable spores (Table 5.3 a) were found in 1 M ionic liquid (similar to methanol) 
and thus it was concluded that a low molarity ionic liquid can be used as alternative 
for green extraction method development. 
 
Figure 5.8. Sonication assisted extraction of mycorrhized roots for extraction of 
RA in ionic liquid. a) Comparison between water, ionic liquid and methanol for 
extraction of RA. b) Comparison between low molarity ionic liquid for extraction of 
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RA with sonication and soaking plus sonication. Data is represented as mean ± SEM 
of each of five replicates (n = 5). Different letters in subfigure (a) indicate significant 
differences (p ≤ 0.05) between different solvents used and in subfigure (b) represent 
significant differences (p ≤ 0.05) between two processes (sonication and soaking 
plus sonication) with low molar solution of ionic liquid. 
5.3.5.2 Low molarity liquid 
5.3.5.2.1 RA content 
Three different molarities of the ionic liquid were tested here with fresh mycorrhized 
roots. Increase in RA amount was found with increasing molarity of the ionic liquid 
with both types of processes used (sonication and sonication plus soaking) (Figure 
5.8 b). On comparison between soaking plus sonication and sonication at all three 
molarities higher RA content was found in the soaking plus sonication. At 0.75 M, 
almost double (0.37 mg/ L ) amount of RA was found in soaking plus sonication in 
comparison to sonication (0.17 mg/  L). Lowest RA was found at 0.25 M in 
sonication assisted extraction (0.02 mg/ L). 
5.3.5.2.2 Mycorrhizal viability: MTT test  
Viability of mycorrhizal spores was found to decrease with increase in molarity of 
the ionic liquid (Table 5.3 b). Highest mycorrhizal viability (85 %) was found in 0.25 
M ionic liquid with sonication. On comparison between both the treatments 0.25 M 
of ionic liquid and sonication alone can be selected as it showed the higher 
percentage of mycorrhizal viabilty. 
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5.3.5.2.3 Root and mycorrhizal growth on M media 
No root or fungal growth was observed on M media for mycorrhized roots treated 
with 0.50 and 0.75 M ionic liquid. Samples sonicated in 0.25 M ionic liquid showed 
slow root and hyphal growth on M media.   
Table 5.3. Viabilty of mycorrhizal spores after sonication assisted extraction in 
ionic liquid, water and methanol and low molar ionic liquids.* 
(a) Spore viability (percentage) 
Water 1 M Ionic liquid Methanol (100 %) 
100 ± 0a Nil Nil 
(b) Spore viability (percentage) for low molarity ionic liquid 
Molarity Sonication Soaking and Sonication 
0.25 M 85.00 ± 0a 72.50 ± 2.50a 
0.50 M 55.00 ± 5.00b 50.00 ± 0b 
0.75 M 50.00 ± 0b  Nil 
*Data is represented as mean ± SEM of each of five replicates (n = 5). Different 
letters indicate significant differences (p ≤ 0.05) between different molarity of the 
ionic liquid used. Highlighted figure shows highest viability obtained with ionic 
liquid and sonication assisted extraction. 
5.3.6 Sonication assited extraction in the biocampatible solvents (Nonane, 
Dodecane)  and in DMSO and Triton X-100 
5.3.6.1 RA content, mycorrhizal and root viability 
No RA was found in biocomaptible solvents (Nonane and Dodecane).  Very low 
amounts of  RA (0.016 mg/ L and 0.034mg/ L respectively) were found in 0.5 % and 
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1.0 %  of  DMSO. No RA was detected in 1 %  (v/v) of Triton X-100 in water while  
0.28 mg/ L and 0.60 mg/  L of RA was found in samples sonicated in 2 and 3 % of 
Triton X-100 respectively (Figure 5.9). 
Samples sonicated in three different percentages of DMSO showed 100 % viable 
spores by the MTT test while no viability was observed with Triton X- 100. Similar 
to MTT results, positive root and hyphal growth was observed with samples treated 
in DMSO, showing its potential as a solvent of choice in this study (Table 5.4). 
 
Figure 5.9. Sonication assited extraction of mycorrhized  roots for extraction of 
RA in different percentages of DMSO and Triton X-100. a) Comparison between 
three percentages of DMSO for extraction of RA from mycorrhized root cultures, b) 
comparison between three percentages of Triton X-100 for extraction of RA from 
mycorrhized root cultures. Data is represented as mean ± SEM of each of five 
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replicates (n = 5). Different letters indicate significant differences (p ≤ 0.05) between 
different percentages. 
Table 5.4. Viabilty percentage of mycorrhizal spores after sonication assisted 
extraction in DMSO and Triton X-100. * 
Spore viability (percentage) 
Triton X-100 DMSO 
1 % 2 % 3 % 0.1 % 0.5 % 1.0 % 
Nil Nil Nil 100 .00 ± 0a 100 .00 ± 0a 100 .00 ± 0a 
*Data is represented as mean ± SEM of each of five replicates (n = 5). Different 
letters indicate significant differences (p ≤ 0.05) between different percentages. 
5.3.6 Solid CO2 assisted extraction: RA amount and SEM studies 
No RA was detected after Solid CO2 assisted extraction. MTT results also showed no 
viable spores. Further, using SEM studies, mycorrhizal spores and the outer layer of 
the root were found to be damaged following Solid CO2 assisted extraction. Thus 
Solid CO2 assisted extraction was found unsuitable as a green extraction method in 
this srudy (Figure 5.10). 
 
Figure 5.10. Scanning electron microscopic images showing effect of Solid CO2 
assisted extraction on mycorrhized roots. a) Perforated root layer (shown by 
arrow). b) Broken spore (shown by arrow), Scale bar for a= 1 μm and b= 20 μm. 
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5.4 Discussion 
A range of options for extraction of secondary metabolites by green extraction 
methods have been presented in the literature but none have dealt with mycorrhizal 
roots and there are only four reports (Park and Martinez 1992; Weathers et al. 1995; 
Shotipruk et al. 2001; Wang et al. 2001) with protocols that simultaneously maintain 
viability of the plant samples after extraction. For efficient extraction protocol 
development selection of starting material, pretreatment, solvent type and its 
percentage, extraction methodology and determination technique play a key role 
(Pompeu et al. 2009; Mustafa and Turner 2011; Prasad et al. 2011). In the present 
study different solvents and a surfactant were tested with two extraction 
methodologies that used variation in temperature and sonication to assist extraction.  
Extraction of secondary metabolites from plants involves the three basic steps of 
solvent transport into the plant matrix, metabolite dissolution and final release of the 
dissolved solute into the solvent phase. Extraction yield can be enhanced by 
reduction of mass transfer limitations involved in these three basic steps of 
secondary metabolite extraction (Rodriguez-Rojo et al. 2012). Reduction of mass 
transfer limitations before first step can be achieved by the selection of appropriate 
material and its pretreatment. During the extraction process mass transfer can be 
enhanced by mechanical stirring, shaking, increased temperatures or sonication like 
conditions. 
Selection and pretreatment of starting material plays a critical role in the 
development of extraction methodologies. Conventionally, dried and powdered plant 
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materials are reported for extraction of polyphenolics (Spigno et al. 2007). Being 
free from excess water and of homogenous particle size makes these materials highly 
suitable for extraction (Paniwynk et al. 2009). However, in the current study where 
maintenance of mycorrhizal and root viability was the primary objective fresh and 
intact mycorrhized roots (non-homogenized) were used. Soaking as a pretreatment at 
room temperature is not suitable for the release of RA from mycorrhized roots of O. 
basilicum. Thus, water alone is not suitable for cell wall permeation and RA 
extraction was shown in the current study. This clearly suggests that processes other 
than soaking which have the ability to degrade or disrupt plant cell wall and 
membrane in a controlled manner such as use of chemical destabilizers, surfactants, 
pH or enzymes like factors (Weathers et al. 1995; Chamorro et al. 2012; Puri et al. 
2012) can be further studied in future as pretreatment methodology with mycorrhized 
roots for extraction of RA. 
Enzyme assisted extraction (EAE) as a pretreatment is reported to increase bioactive 
yield and efficiency of solvent extraction (Puri et al. 2012). Cellulolytic (cellulases 
and hemicellulases) and pectinolytic (pectinases) enzymes have been reported for 
polyphenolic extraction (Chamorro et al. 2012). Additionally, AMF are also known 
to produce pectinolytic and cellulytic enzymes (Romera et al. 1991; Garcia-Garrido 
et al. 2000) and thus it can be supposed that enzyme treatment will minimally affect 
mycorrhizal viability and can be considered as an alternative of pretreatment 
methodology. Other than EAE, chemical destabilizers (ammonium sulfate, EDTA) 
and surfactants (Triton X-100 and Tween-80) as proposed by Weathers et al. (1995) 
can be also screened in future for their application as pretreatment methodology. 
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For the extraction of RA by different methodologies in this chapter binary solvent of 
ethanol and methanol in water were screened by both temperature and sonication 
assisted extraction. Use of ethanol is supported by the fact that it is commercially 
used solvent for polyphenolics extraction and is also recognized as safe (GRAS; 
generally recognized as safe) solvent in the food industry (Wang et al. 2004; Pompeu 
et al. 2009; Rodriguez-Rojo et al. 2012). Polarity of a solvent also affects extraction 
(Pompeu et al. 2009) hence methanol was studied as an alternative to ethanol here. 
Other than these simpler alcohols, acetone was also studied for comparison studies in 
sonication assisted extraction. Generally, in this study low viability percentage and 
no growth on M media of mycorrhized roots were obtained with ethanol and acetone. 
This observation can be explained due to extraction of lipid globules in ethanol from 
mycorrhizal spores which impacted vital metabolic activities. Thus, ethanol and 
acetone can be recognized as toxic and not suitable solvents for maintaining viability 
of mycorrhized hairy root cultures. 
Treatments involving temperature optimisation (extended contact and slow release) 
and sonication assisted extraction (fast release) were tested as alternatives for the 
development of extraction methodologies in this chapter. Temperature assisted 
extraction was performed in a rotary shaker using a low percentage of ethanol and 
methanol in water at four different temperatures. Shaking ensured homogenous and 
continuous contact between the solvent and mycorrhized hairy roots for metabolite 
extraction. Increase in metabolite content with increased temperature and percentage 
of solvent was recorded in this study. A positive correlation with time was also 
found. High temperature, solvent percentage and extended incubation positively 
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impacted RA yield but showed negative effect on mycorrhiza and root. Enhancement 
in RA yield due to temperature can be explained due to an increase in the diffusion 
rate of the solvent and its mass transfer which ultimately increases target compound 
solubility into the solvent. Furthermore, temperature also decreases viscosity and 
surface tension of the solvent which adds on to the increased amount of secondary 
metabolite (Thoo et al. 2010; Hossain et al. 2012). Water alone as an extractant was 
not found to be effective for RA extraction with TAE. 
Mycorrhizal colonization is affected by temperature both in natural and root organ 
culture systems (Staddon et al. 2002; Gavito et al. 2005). Gavito et al. (2005) 
identified 18 – 24 °C as optimal temperatures for mycorrhizal colonization by the 
two Glomus species in vitro. High percentages of solvents may affect mycorrhizal 
and root viability negatively thus use of low percentages of solvents with different 
temperature regimes and extended times (6 h and 12 h) were used in this study. 10 % 
methanol at 30 °C and 6 h emerged as the best treatment condition for root and 
mycorrhizal viability. 30 °C as optimum temperature for sonication assisted 
extraction was identified from TAE study.  
Sonication assisted extraction has been reported in many studies for enhanced 
extraction of polyphenolics (Paniwynk et al. 2009; Hossain et al. 2012; Rodriguez-
Rojo et al. 2012). In contrast to TAE, RA was detected in water and sonication was 
found as a suitable technique for RA extraction in lower percentage of organic 
solvents. Sonication was found to increase RA content with increased percentage of 
the organic solvent in the binary solvent system used. Although high values of RA 
were obtained in SAE, it was found to negatively affect viability of mycorrhizal 
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roots. 10 % methanol with 15 minutes sonication was found to be the best for green 
extraction method development in this study. As RA content in 10 % methanol was 
less, increase in exposure time of sonication from 15 to 30 minutes can be considered 
for use in future. A constant sonication frequency (45 KHz) was used in this study, 
thus an increase in sonication frequency with continuous or periodic exposure is also 
a possible alternative. Other than higher frequency, low frequency with increased 
exposure time can also be considered. In addition to temperature, time and physical 
methods, solid: liquid ratio (S/ L) also impacts metabolite extraction yield (Prasad et 
al. 2011), thus use of variable range of S/ L ratio for future use is also proposed.  
Ionic liquids with sonication are the most recently used green extraction 
methodology for polyphenolic extraction (Liu et al. 2011; Zu et al. 2012). Ionic 
liquids were also tested in this chapter for RA extraction and were found to be 
effective as earlier reported by Zu et al. (2012). An inverse relationship was found 
between molarity of ionic liquids and mycorrhizal viability. Lower molar solution 
(<0.25 M) of ionic liquid can be studied in future for effect on mycorrhizal viability 
and RA yield. Other than low molar solution of 3-methylimidazolium bromide used 
here a range of low molar alkyl substituted ionic liquids (for example, 1-ethyl-3-
methylimidazolium, 1-butyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-
octyl-3-methylimidazolium) could be also screened in future with different S/ L 
ratio, sonication frequency, temperature and time. 
Apart from commonly used organic solvents and ionic liquids, dimethylsulfoxide 
was also examined in this chapter to maintain mycorrhizal viability and RA yield. 
Use of DMSO was supported by reports of Park and Martinez (1992) for metabolite 
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extraction and maintenance of plant cell viability. Among all the solvents used 
DMSO showed highest mycorrhizal viability and root growth but very low amount 
of RA. Increase in DMSO percentage can be studied in future for enhanced 
extraction of RA along with viability maintained. No RA was found in 
biocompatible solvents possibly due to their non-polar nature. In addition to organic 
solvents and ionic liquids, use of a surfactant (Triton X-100) was also examined and 
higher RA levels (than low molar ionic liquid) but low mycorrhizal viability was 
found. Triton X-100 treatment was thus not recommended but it could be considered 
as a pretreatment step if used at a very low concentration. Pressure assisted 
extractions have been studied widely as a green extraction alternative (Herrero et al. 
2010) but a preliminary experiment conducted in this chapter found broken spores 
following solid CO2 assisted extraction showing it is noit suitable as a green 
extraction method for mycorrhized hairy roots.  
As a green extraction method should be environmentally friendly, economical and 
innovative in nature the possiblity of using water in modified form is proposed 
through this study. Water is the cheapest and the most common solvent available in 
nature thus techniques which can improve penetration efficiency of water can be 
adapted. Recently Tsuji et al. (2013) reported use of “nanobubble water” with SAE  
for extraction of RA from leaves of Perilla frutescens. Increased extraction 
efficiency using nanobubble is attributed to their extremely small size of less than 
500 nm. Thus nanobubble water with lower percentage of methanol and sonication 
can be considereed as an alternative to be studied for green extraction method 
development in future  
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The next frontier after screening and development of green extraction methodology 
as identified through this study would be efficient recovery of RA and its 
purification. Techniques for example nanofiltration or resin adsoprtion have been 
reported for RA recovery (Peev et al. 2011; Lin et al. 2012) from solvents and can be 
studied for their suitability in future. In addition if ionic liquids are identified as an 
alternative for green method,  solid CO2 can be used for RA recovery from ionic 
liquids as earlier reported by Blanchard et al. (1999). Furthermore after recovery the 
RA from any of the green methods, it can be derivatized as a calcium rosmarinate 
salt and marketed as an end product. 
The current chapter showed single factor experiments that were conducted to screen 
and identify the possibility of various alternatives for development of green 
extraction method. 10 % methanol, higher percentage of DMSO, low molar ionic 
liquids with sonication are future leads for exploration studies. Furthermore the study 
also proposed techniques which can be used as extraction method and increase the 
yield of the product. In conclusion, this chapter has explored some green extraction 
methods that both preserve and maintain the viability of the fungus and plant root 
with RA extraction and has opened up avenues for mycorrhized roots to be a 
continuous biological and biochemical factory for mycorrhiza and secondary 
metaobolite production. 
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Chapter 6: Acidic potassium permanganate 
chemiluminescence assay for the assessment of antioxidant 
potential in Ocimum basilicum  
A part of the research presented in this chapter has been published in a research 
article: Srivastava, S., Cahill, D.M., Conlan, X.A., and Adholeya, A. (2014). A 
novel in vitro whole plant system for analysis of polyphenolics and their 
antioxidant potential in cultivars of Ocimum basilicum. Journal of Agricultural 
and Food Chemistry 62, 10064-10075. Impact factor: 3.107. Adholeya, A. and 
Cahill, D.M. conceived the project and provided comments on all drafts of the 
manuscript; Conlan, X.A. provided technical expertise on total antioxidant and 
individual antioxidant chemiluminescence analysis and comments on early drafts of 
the manuscript; Srivastava, S. designed and carried out all the experiments, analyzed 
the results, prepared all the figures and tables, drafted the manuscript. 
6.0 Abstract 
Ocimum basilicum, a member of the family Lamiaceae, is a rich source of 
polyphenolics that have antioxidant properties. There are many reports on batch style 
methodologies for the assessment of antioxidant potential of species belonging to the 
family Lamiaceae but few reports of their online HPLC coupled assessment. The 
present study for the first time focuses on the development and application of an 
online HPLC-coupled acidic potassium permanganate chemiluminescence assay for 
the qualitative and quantitative assessment of antioxidants in the different samples of 
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O. basilicum.  Samples included plants grown either in conventional pots or in vitro 
system, hairy root lines of the selected cultivars and their mycorrhized hairy root co-
cultures. The total antioxidant potential detected by acidic potassium permanganate 
chemiluminescence assay showed that both in vitro and conventionally grown O. 
basilicum plant samples were potential and variable reserves of antioxidants. The 
highest total antioxidant potential was found in B 12 > B 13 > B 7 for in vitro raised 
plants and in B 13 > B 12 > B 11 for the plants grown in the conventional pot 
system. B 12 and B 13 were therefore identified as common high antioxidant 
containing cultivars. Hairy root lines were found to have two fold higher total 
antioxidant contents than the control non-transformed roots. In addition, a clear 
correlation between age and antioxidant molecules production was also found for the 
hairy root lines of all cultivars. Moreover, compared with control hairy root lines, 
mycorrhized hairy root co-cultures showed an even higher total antioxidant potential. 
Further based on online HPLC-coupled antioxidant analysis and correlation studies, 
rosmarinic acid (RA) was found to be the major antioxidant in hydroethanolic 
extracts of all samples, with chicoric (ChA) and caffeic (CA) acids observed as 
minor antioxidant molecules. The utility of the developed total antioxidant assay and 
post column acidic potassium permanganate chemiluminescence assay for online 
assessment of antioxidants in different samples of O. basilicum and its use for future 
exploration studies is discussed. 
6.1 Introduction 
Plant-derived polyphenols are a well known resource of antioxidant molecules 
(Costin et al. 2003; Bellomarino et al. 2009; Malejko et al. 2014). Antioxidant 
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activity of any compound is defined as its ability to suppress, delay or prevent 
deleterious effects produced by the free radicals or their secondary derivatives 
(Christodouleas et al. 2011). Mechanistically, plant-derived polyphenolics show 
antioxidant ability by acting as reducing agents, hydrogen-donators or as singlet 
oxygen quenchers (Murillo Pulgarin et al. 2012) marking their potential as “natural 
antioxidant candidates”. Polyphenolics have application in food, nutritional and 
medicinal industries as a replacement to synthetically derived antioxidants in food 
products and as scavengers of free radicals in oxidative stress-related diseases such 
as cancer, cardiovascular disease and neurodegenerative related diseases 
(McDermott et al. 2011; Damasius et al. 2014; Malejko et al. 2014). As polyphenolic 
content, antioxidant potential and biofunctionality of plants are correlated there is an 
increasing demand for exploration and identification of new plant resources which in 
turn requires a fast, sensitive and efficient analytical method.  
Traditionally, batch style methodologies have been used for determination of total 
antioxidant activity which works on the principle of radical discoloration in 2, 2-
diphenyl-1-picrylhydrazyl radical (DPPH•) and 2, 2-azinobis-(3-
ethylbenzothiazoline-6-sulphonic acid) radical cation (ABTS•+) assays, on inhibition 
of oxidation of fluorescent compounds in peroxyl radical assays, on ferric reduction 
in the Ferric reducing antioxidant power (FRAP) assay, on inhibition of luminol in 
luminol chemiluminescence assays and by several other phenomena (Karadag et al. 
2009; Malejko et al. 2014). Multiple assays are required to provide a complete 
assessment of the total antioxidant activity of plants and food related items due to the 
differences in their reacting molecules, mode of action and disadvantages associated 
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with time taken to complete the assay and short shelf life of reagents and sensitivity 
related to the specific assays. However, multiple assays also fail to provide any 
information on antioxidant potential due to an individual compound and are thus 
further complemented with bioassay guided fractionation studies (Mnatsakanyan et 
al. 2010). Bioactivity studies are slow, tedious, expensive and often associated with 
loss of antioxidant activity thus advocating the use of online antioxidant 
determination assays as an effective alternative (Niederlander et al. 2008; Malejko et 
al. 2014). 
Several studies have reported the use of online HPLC coupled antioxidant assays 
such as DPPH•, ABTS•+and acidic potassium permanganate chemiluminescence as 
an efficient alternative to less sensitive, less selective, long duration and labur 
intensive batch style methodologies (Costin et al. 2003; Bellomarino et al. 2009; 
Mnatsakanyan et al. 2010; Conlan et al. 2010; McDermott et al. 2011) for the 
assessment of individual antioxidant potential. Among, the three reagents used for 
the post-column antioxidant assays, acidic potassium permanganate 
chemiluminescence which reacts with potential antioxidants to produce light due to 
electronic excitation of manganese (II) species (Adcock et al. 2007; McDermott et al. 
2011) have been  identified to be an efficient and advantageous assay compared with 
the other two assays in terms of sensitivity, selectivity, stability, compatibility, easy 
reagent preparation, simpler post reaction manifold and correlation with bioactivity 
(Conlan et al. 2010; McDermott et al. 2011). Moreover, its use for determining 
antioxidant potential of polyphenolics in wine, tea, juices, coffee and thyme has been 
also reported (Bellomarino et al. 2009; Francis et al. 2010; Mnatsakanyan et al. 
Chapter 6 
241 
 
2010; McDermott et al. 2011). Several other studies have also reported the use of 
luminol and DPPH• coupled with HPLC (Dapkevicius et al. 1999; Dapkevicius et al. 
2001; Kosar et al. 2003; Bandoniene et al. 2005; Erdemoglu et al. 2006) for studying 
antioxidant potential of plants like thyme, salvia and borage all belonging to the 
family Lamiaceae showing its potential as reserve of antioxidant molecules. 
The plant family Lamiaceae having 200 genera and 3,500 species is a rich source of 
radical scavenging molecules (Bandoniene et al. 2005; Gulcin et al. 2007). Among, 
all members rosemary, salvia, oregano have been extensively studied (Bandoniene et 
al. 2005; Erdemoglu et al. 2006; Gulcin et al.,2007; Damasius et al. 2014) and used 
in the food and culinary industry making O. basilicum a potential alternative for 
antioxidant exploration studies. O. basilicum commonly known as “Basil” is a 
culinary, ornamental, aromatic and medicinal herb (Makri and Kintzios 2008). The 
list of polyphenols reported in O. basilicum includes caffeic, caftaric, chicoric, p-
coumaric, ferulic, rosmarinic, syringic and vanillic acids (Jayasinghe et al. 2003; 
Sgherri et al. 2010; Damasius et al. 2014). The application of online HPLC coupled 
antioxidant assays to examine plants of the family Lamiaceae or other plant families 
has to date being limited to DPPH• and luminol assays (Dapkevicius et al. 1999; 
Dapkevicius et al. 2001; Kosar et al. 2003; Bandoniene et al. 2005; Damasius et al. 
2014) while use of acidic potassium permanganate is reported in only one study of 
thyme by McDermott et al. (2011). Thus exploration of post column acidic 
potassium permanganate chemiluminescence assay as an analytical technique in O. 
basilicum is of importance to the research field.  
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Polyphenolics have been found to be the major contributors to the antioxidant 
properties of O. basilicum (Javanmardi et al. 2003; Gulcin et al. 2007; Sgherri et al. 
2010; Kwee and Niemeyer, 2011). Interestingly, due to human interventions and 
breeding studies O. basilicum shows high morphological, genetic and biochemical 
diversity (Makri and Kintzios, 2008). Thus, exploration of the antioxidant content 
and compounds responsible for the activity is essential for identification and 
selection of suitable cultivars of O. basilicum. For the selection of suitable cultivars 
in plant science, conventional pot system is the most widely used technique but has 
disadvantages including a requirement for large area, high initial cost of 
establishment and an inability to precisely control environmental factors that may 
influence secondary metabolite profiles (Srivastava et al. 2014). In Chapter 2 of this 
thesis, I have reported the use of an in vitro whole plant system for screening and 
selection studies and its comparison to a conventional pot system. In the current 
chapter, I have used conventionally and in vitro grown plants to analyze the effect of 
different growth systems on the antioxidant potential of fifteen different cultivars of 
O. basilicum.  
For the standardized, environment-independent and large scale production of 
secondary metabolites, plant tissue culture methods such as cell suspension, callus 
culture and hairy roots have emerged as an excellent alternative (Santos-Gomes et al. 
2002; Grzegorczyk et al. 2006; Grzegorczyk et al. 2007; Weremczuk-Jezyna et al. 
2013). These in vitro derived cultures have been shown to have antioxidant 
properties related to rosmarinic acid and other related compounds (Grzegorczyk et 
al. 2006; Grzegorczyk et al. 2007; Weremczuk-Jezyna et al. 2013). But the levels of 
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rosmarinic acid detected in shoots, callus and suspension cultures of Salvia 
officinalis is nearly half to that reported in hairy roots, showing the utility of hairy 
root cultures for large scale production of polyphenolics (Grzegorczyk et al. 2007). 
In addition to high metabolite yield, A. rhizogenes-derived hairy root cultures are 
genetically stable, yield a high biomass and require no hormone supplementation 
(Thiruvengadam et al. 2014). The determination of total antioxidant potential of 
hairy roots has been reported in many studies by DPPH• radical scavenging, 
phosphomolybednum reduction and ABTS•+ assays (Grzegorczyk et al. 2007; Nopo-
Olazabal et al. 2013; Weremczuk-Jezyna et al. 2013; Thiruvengadam et al. 2014; 
Nopo-Olazabal et al. 2014). These assays measures the total antioxidant content of 
extracts but fails to provide any information about the antioxidant activity of 
individual compounds present in the extracts. Chemiluminescence based antioxidant 
assays have not been used for assessment of antioxidant activity in hairy roots and 
thus their use on hairy roots would further add to information about detection of 
antioxidant potential by chemiluminescence and antioxidant activity of individual 
compounds.  
Elicitation is defined as a process for enhancement of secondary metabolites 
production and their accumulation in plant cells in response to any microbial, 
physical or chemical inducers (Chandra and Chandra 2011). Arbuscular mycorrhiza 
fungi (AMF) are soil inhabiting microorganisms which form mutualistic associations 
with the roots of terrestrial plants (Smith and Read 2008). The two way exchange 
system developed between roots and AMF induces an array of host plant defense 
responses and signal transduction, which results in enhancement of production and 
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accumulation of secondary metabolites (Yuan et al. 2007).  A review on the 
influence of AMF on medicinal plants and secondary metabolite by Zeng et al. 
(2013) also indicates that they influence or increase secondary metabolite production 
in medicinal plants. One of the objectives of my research as described in Chapter 4 
was to study the influence of mycorrhization on secondary metabolite production of 
O. basilicum hairy root cultures and in this chapter I have focused on the influence of 
mycorrhization on antioxidant potential and its analysis by chemiluminescence. This 
study reports, for the first time, the use of acidic potassium permanganate 
chemiluminescence on the mycorrhized hairy roots of O. basilicum. 
This chapter describes development of an acidic potassium potassium permanganate 
chemiluminescence assay for the measurement of antioxidant activity of 
polyphenolics in the whole plant (in vitro and conventional pot plants), hairy roots 
and mycorrhized hairy roots of O. basilicum. The whole plant samples were used to 
compare and assess the effect of different growth systems on the antioxidant profile 
of the plant. Cultivar selection for hairy root development was made on the basis of 
total antioxidant potential for the plants grown in the in vitro system. Three hairy 
root lines were studied for the variation in their antioxidant potential and its 
relationship with the age. Furthermore, the selected hairy root lines were then 
subjected to mycorrhization to study the effect of mycorrhiza on the antioxidant 
potential of the colonized roots.  
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6.2  Materials and Methods 
6.2.1  Plant material and harvesting 
6.2.1.1 Whole plant material.  
Seeds of fifteen O. basilicum cultivars from five different countries (India, Germany, 
Spain, United States of America and Australia) were used (as in Chapter 2). The 
seeds were surface sterilized and germinated seedlings were grown in the in vitro and 
conventional pot system as described in Chapter 2 (Section 2.2.2 and 2.2.3). The 
plants were harvested after maturity and the aerial parts and roots were extracted for 
total antioxidant potential and individual compound antioxidant activity and 
quantification.  
6.2.1.2 Hairy root cultures 
HR 2, HR4 and HR 5 hairy root lines developed, confirmed and selected in Chapter 
3 of this thesis were used for the chemiluminescence studies. Briefly, three to four 
root tips of the selected root cultures were placed on M media plates and incubated 
for three time periods (20 d, 40 d and 60 d) in an incubator (INFORS, Bottmingen, 
Switzerland) in dark at 26 ºC. Hairy roots of each line were harvested into citrate 
buffer after defined time periods, lyophilized and used for extraction and 
chemiluminescence analysis.  
To study the difference in antioxidant potential of control and hairy root lines, plants 
of cultivars B 3, B 12 and B 13 were grown on M media. Control plants were raised 
in an in vitro system and steps similar to the method described in Chapter 2 Section 
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(2.2.2) were used. The control roots after 60 d were harvested and lyophilized for 
extraction and chemiluminescence studies. 
6.2.1.3 Mycorrhized hairy root lines  
Mycorrhized hairy root lines were developed as described in Chapter 4 of this thesis. 
Briefly, Rhizophagus irregularis isolate 1 colonized root cultures of HR 2, HR 4 and 
HR5 were sub-cultured on to fresh M media plates and incubated (INFORS, 
Bottmingen, Switzerland) in the dark at 26 ºC for 60 d. After 60 d, the plates were 
observed for mycorrhizal growth and those plates that showed the highest hyphal 
spread and sporulation were selected for harvesting. The selected colonized root 
cultures were harvested in to citrate buffer and then were washed and lyophilized for 
extraction and chemiluminescence analysis. 
6.2.2 Chemicals and reagents  
Ethanol, 85 % ortho-phosphoric acid (AR grade), analytical grade sulphuric acid 
were obtained from Merck (Kilsyth, Australia). HPLC grade methanol was obtained 
from BDH Chemicals (Poole, England). Potassium permanganate was obtained from 
Chem Supply (Gillman, Australia). Sodium polyphosphate and standards of 3 
hydroxybenzoic, m- coumaric, p- coumaric, caffeic, ferulic, vanillic, chicoric and 
rosmarinic acids were obtained from Sigma Aldrich (Castle Hills, Australia). HPLC 
grade (Milli Q) water (18.2 MΩ) was prepared in house and filtered through 0.2 μm 
Millipore filter (Merck, Darmstadt, Germany). The acidic potassium permanganate 
reagent (1 ×10-3 M) was prepared by dissolution of potassium permanganate in 1 % 
(m/v) sodium polyphosphate solution adjusted to pH 2 with sulphuric acid. Millipore 
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Millex-HN (Syringe filters; 0.45μm) that were used for filtration of samples were 
obtained from (Merck, Darmstadt, Germany). 
6.2.3 Sample preparation 
For extraction, 50 mg of in vitro and conventional plant material and 25 mg of hairy 
and mycorrhized hairy roots were separately homogenized in 500 μL of 60 % (v/v) 
ethanol in water and then the steps described in Chapter 2 (section 2.2.6) were 
followed. Briefly, extraction was performed twice for fifteen min using a sonicator 
on a final volume of 25 mL that was then filtered and stored in the dark at -80 °C in 
vials for post column chemiluminescence analysis. 
6.2.4 Total antioxidant potential assay 
Total antioxidant potential was determined using acidic potassium permanganate 
chemiluminescence detection system coupled to an Agilent 1200 HPLC system. The 
HPLC system (without a column in place) was coupled with a Minipuls 3 peristaltic 
pump, bridged PVC tubing, and custom built luminometer (which functions similarly 
to a conventional flow injection analysis system). All samples were diluted 100 times 
using deionized water before injection. 50 μL of the sample at flow rate of 3 mL/ 
min was merged with acidic potassium permanganate (1 × 10-3 M) and peak area was 
recorded to determine antioxidant potential due to all readily oxidisable molecules 
present in the extract. 
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6.2.5 Online HPLC- acidic potassium permanganate chemiluminescence 
detection system and method development 
6.2.5.1 Preliminary analysis of phenolic standards for antioxidant potential  
To test the chemiluminescence response generated by polyphenolics found in O. 
basilicum, eight polyphenols (3 hydroxybenzoic, m- coumaric, p- coumaric, caffeic, 
ferulic, vanillic, chicoric and rosmarinic acids) were prepared in the concentration of 
1mg/ mL in 100 % methanol and method used for post column HPLC analysis is 
described below. 
6.2.5.2 Separation methodology 
The mobile phase used was HPLC grade water + 0.1 % ortho-phosphoric acid 
(OPA); v/v in water (Mobile phase A) and Methanol + 0.1 % OPA; v/v in methanol 
(Mobile phase B). A gradient program was developed for polyphenolics 
estimation: 0 - 2 min isocratic 0 % B, 2 - 5 min linear gradient to 40 % B, 5 - 10 min 
a linear gradient to 50 % B, from 10 - 18 min isocratically maintained at 50 % B and 
18 - 23 min a decreasing gradient from 50 % to 40 % and finally from 23 - 25 minute 
0 % B for column washing. The flow rate of the mobile phase was 1.0 mL/ min with 
an injection volume of 20 μL. To identify and assess the contribution of individual 
polyphenolic compounds (RA, ChA and CA) to the total antioxidant signal, all 
extracts were subjected to HPLC coupled post column acidic potassium 
permanganate assay. Polyphenolic standards (caffeic, chicoric and rosmarinic acid, 
from concentration 1×10-3 M to 1×10-12 M) were prepared in 100 % analytical grade 
methanol and appropriately diluted with the same solvent. Unknown samples were 
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identified and quantified by comparison with the retention time and standard 
calibration curve of commercial standards. Separations were performed on an Apollo 
TM C18 (150 mm × 4.60 mm × 5 μm particle diameter) column. 
6.2.5.3 Post column detection system 
Post-column acidic potassium permanganate chemiluminescence signal was 
generated using an in house built luminometer. Functionally, the reagent propelled at 
a flow rate of 3 mL/  min using a Gilson Minipuls 3 peristaltic pump (John Morris 
Scientific, Balwyn, Australia) with bridged PVC tubing (DKSH) and was merged 
with the HPLC eluate at a T-piece, and the light emitted from the reacting mixture 
was detected with a custom built flow-through luminometer, which consisted of a 
coiled flow cell comprising of 80 cm × 0.8 mm i.d., transparent PTFE-PFA tubing 
(DKSH), mounted flush against the window of an Electron Tubes photomultiplier 
tube (model 9828SB, ETP) set at a constant voltage of 900V from a stable power 
supply (PM20D, ETP) via a voltage divider (C611, ETP). The flow cell 
photomultiplier tube and voltage divider were encased in a padded light-tight 
housing, and a Hewlett-Packard analogue to digital interface box (Agilent 
Technologies) was used to convert the signal from the chemiluminescence detector.  
6.2.6 Statistical analysis 
All data presented in this study is expressed in terms of mean ± SEM. Raw data was 
analyzed using a commercial statistical package (GraphPad Prism 6). Two-way 
ANOVA analysis by Sidak’s multiple comparison test (p ≤ 0.05) was used to 
examine the difference in the total antioxidant potential between the two growth 
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systems, control roots and hairy root lines, hairy root lines and mycorrhized hairy 
root lines and antioxidant potential of RA, CA in hairy root lines and mycorrhized 
hairy root lines. One way analysis of variance with a Tukey’s HSD test of 
significance at p ≤ 0.05 was used to determine the differences within hairy root lines 
for total antioxidant potential and individual polyphenolic antioxidant potential at 
three different ages. Correlation between total antioxidant potential and antioxidant 
potential of rosmarinic, chicoric and caffeic acids for hairy root lines at three 
different ages was tested using Pearson test at a significance level of  0.0001(RA, 
CA) and 0.05 (ChA).  
6.3 Results 
6.3.1 Total antioxidant potential assay 
Primarily for the total antioxidant potential assessment a modified HPLC system 
without a chromatography column was used to function similarly as a flow injection 
system (Figure 6.1). 
Conditions identified by Mc Dermott et al. (2011), 1×10-3 M potassium 
permanganate solution containing 1 % (w/v) sodium polyphosphate adjusted to pH 2 
with sulphuric acid, were used for the present study as the analyte type (polyphenols) 
and the separation system (Methanol and HPLC grade water supplemented with 
ortho-phosphoric acid) was the same with the current study except for flow rate 
which was 3 mL/ min.  
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Figure 6.1. Schematic representation of modified online HPLC system without 
column for total antioxidant potential assessment using acidic potassium 
permanganate chemiluminescence assay. 1) T piece, 2) transparent PTFE-PFA 
reaction coil, 3) PMT. 
6.3.1.1 Whole plant samples 
Total antioxidant content varied among the fifteen cultivars for both growth systems. 
In vitro grown plant samples showed comparatively higher antioxidant potential 
(peak area) than CP grown plants in 11 out of 15 cultivars. Significant difference was 
found in terms of total antioxidant content for the four cultivars grown in the both 
growth systems.  B 13, B 12 cultivars showed the highest chemiluminescence signals 
for plants growing in both growth systems (Figure 6.2). In vitro system was selected 
as screening system as it showed higher antioxidant potential than conventional pot 
system.  
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Figure 6.2. Total antioxidant potential found in fifteen O. basilicum cultivars 
grown in the in vitro system and CP system by chemiluminescence analysis. 
Total antioxidant potential is expressed in terms of peak area. Data are presented as 
mean ± SEM of each of three replicates (n = 3) for the whole plant. Different letters 
indicate significant differences (p ≤ 0.05) between two growth systems, within 
cultivars according to Sidak’s multiple comparison test. 
6.3.1.2 Hairy root lines 
Hairy root lines selected in Chapter 3 of the thesis were selected for total antioxidant 
potential studies. No significant difference was found among all three hairy root lines 
at three different time points after sub-culturing at 20, 40 and 60 d (Figure 6.3). An 
increase in total antioxidant potential was found from 20 to 60 d in all hairy root 
lines extracts. There was a fourteen fold increase in total antioxidant potential in 
extracts of HR 2 and 4 from 20 to 60 d while HR 5 showed a 45 fold increase over 
the same time period. The forty day old root cultures produced 3.5, 4.8 and 6.7 times 
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more total antioxidant potential respectively for HR 2, 4 and 5 in comparison to the 
20 d old hairy sample. 
 
Figure 6.3. Total antioxidant potential found in the three hairy root lines. Data 
are presented as mean ± SEM (n = 3) for the hairy root extracts at different 
ages. Similar letters show no significant difference between the three hairy root lines 
at different ages (p ≤ 0.05) by Tukey’s test. 
6.3.1.3 Comparison between control roots and hairy root lines 
As total antioxidant potential was found to be maximum in 60 d old extracts of all 
hairy root lines, their total antioxidant potential was compared with that of the 
control non-transformed roots of the same age. It was found that total antioxidant 
potential of the developed hairy root lines was almost double that of control roots 
grown on the same medium and at same age (Figure 6.4).  
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Figure 6.4. Comparison of the total antioxidant potential of control root and 
three hairy root lines at age of 60 d. Data are presented as mean ± SEM (n = 3) for 
the root extracts. HR 2 was derived from cultivar B 3, HR 4 from cultivar B 12 and 
HR 5 from cultivar B 13.  Different letters indicate significant differences (p ≤ 0.05) 
between control root and hairy root at age of 60 d according to Sidak’s multiple 
comparison test. 
6.3.1.4 Mycorrhized hairy root lines  
Mycorrhized root cultures developed in Chapter 5 of this thesis were used. When 
compared with the control hairy roots at 60 days after subculture, mycorrhized hairy 
root cultures had a higher antioxidant potential (Figure 6.5). The level increased by 
4, 2 and 5 fold in mycorrhized HR 2, 4 and 5 root lines respectively in comparison 
with the control hairy root lines. The peak area values are an indication of an 
increase in antioxidant levels and the molecules responsible for such observations in 
Chapter 6 
255 
 
the mycorrhized hairy root lines. A significant difference in antioxidant levels was 
found in all between the control and mycorrhized hairy root lines after 60 days.  
 
Figure 6.5. Comparison of total antioxidant potential of control hairy root lines 
and mycorrhized hairy root lines. Data are presented as the mean ± SEM (n = 3) 
for the root extracts. Different letters indicate significant differences (p ≤ 0.05) 
between control and mycorrhized root lines according to Sidak’s multiple 
comparison test.  
6.3.2 Preliminary analysis of phenolic standards for antioxidant potential 
Before analyzing the plant samples for individual polyphenolic antioxidant activity, 
eight commonly found polyphenolics (Figure 6.6) in O. basilicum (Sgherri et al. 
2010) were analyzed for their acidic potassium permanganate generated 
chemiluminescence response using HPLC coupled post column acidic potassium 
permanganate chemiluminescence assay. For this, 1 mg/ mL solutions of standards 
were prepared and analyzed using the conditions defined in the method section. It 
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was observed that positive chemiluminescence response (Figure 6.7) was found for 
six out of the eight standard polyphenolics. Highest chemiluminescence response 
was obtained for rosmarinic (14.8 min) followed by chicoric (11.7 min), caffeic 
(10.9 min), p coumaric (13.2 min), ferulic (13.4 min) and m coumaric (14.4 min) 
acid. On the contrary, an almost negligible response was found for p hydroxy 
benzoic acid (10.8 min) and vanillic acid (11.2 min). First time use of acidic 
potassium permanganate chemiluminescence is reported for the standard of ChA in 
this study. 
 
Figure 6.6. Structure of commonly found polyphenolics in O. basilicum.  i) 3- 
hydroxy benzoic acid, ii) caffeic acid, iii) ferulic acid, iv) m coumaric acid, v) p 
coumaric acid, vi) vanillic acid, vii) rosmarinic acid and viii) chicoric acid. 
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Figure 6.7. Chemiluminescence response of eight polyphenolics found in O. 
basilicum by the developed online HPLC coupled acidic potassium permangante 
chemiluminescence assay. Response generated is expressed in terms of peak area. 
CA (caffeic acid), ChA (chicoric acid), FA (ferulic acid), m CoA (meta coumaric 
acid), p CoA (para coumaric acid), PhA (poly hydroxy benzoic acid), RA 
(rosmarinic acid), VA (vanillic acid). 
6.3.3 Comparison of methanol versus ethanol for extraction of antioxidants 
In preliminary experiments methanol was compared with ethanol to determine the 
most suitable solvent for extraction and chemiluminescence studies. No significant 
difference was found between the chemiluminescence response for the two solvents 
used (Figure 6.8). Ethanol was chosen as the solvent of choice for extraction studies 
due to its lower toxicity. 
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Figure 6.8. Comparison between methanol and ethanol as extracting solvents 
for chemiluminescence response. No significant difference (p ≤ 0.05) in either peak 
area or peak height was found between hydroethanolic and hydromethanolic extracts 
of HR 4, age 40 d. 
6.3.4 Sensitivity of post column reactions 
As shown in Figure 6.7 RA, ChA and CA produced the highest chemiluminescence 
signals and they were selected for sensitivity studies further. Twenty standard 
samples were prepared for each of RA, ChA and CA between 1 × 10-3 M to 1 × 10-12 
M and a calibration curve was prepared and the analytical figures of merit are shown 
in Table 6.1. 
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Table 6.1. Analytical figures of merit for the main polyphenolic compounds 
found in O. basilicum samples. 
Polyphenolic Retention time Calibration function R2 LOD (μM) 
Rosmarinic acid 14.8   y = 8112.5x – 223.4 0.9974 0.8 
Chicoric acid 11.7   y = 494.2x + 3.7 0.9973 0.1 
Caffeic acid 10.9   y = 463.2x - 90.9 0.9985 5.0 
6.3.5 Quantification of individual polyphenolic antioxidant potential 
It is important to identify individual polyphenolics within a complex matrix that are 
responsible for antioxidant activity. To assess the contribution of individual 
polyphenolics, the acidic potassium permanganate assay, a post column technique, 
coupled with HPLC was performed (instrumentation was similar to Figure 6.1 but 
modified with a HPLC column in place plus a Diode array detector) on extracts from 
all samples of O. basilicum.  
Detection of antioxidant potential of RA by the acidic potassium permanganate assay 
has been previously reported (McDermott et al. 2011) and in this study its 
contribution to total antioxidant content was determined by comparing the peak area 
of RA with the peak area of total antioxidants. ChA and CA were also studied for 
their contribution to total antioxidant potential content in all samples. Detection of 
antioxidant potential of ChA by acidic potassium permanganate assay is reported for 
the first time in this study for different samples of O. basilicum. 
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6.3.5.1 Quantification of antioxidant potential of RA, ChA and CA in plant 
extracts: conventional pot system (CP system)  
The total antioxidant activity was found to be the highest in the B 13 (Red Rubin), B 
12 (Holy Green) and B 11 (Basil Stella) cultivars growing in the conventional pot 
system (see Figure 6.2). RA linked antioxidant activity contributed to 55.3 %, 45.3 
% and 23.6 % of the total antioxidant activity in B 13, B 12 and B 11 cultivars 
respectively while ChA (3.2 %, 3.8 %, 3.8 %) and CA showed (0.68 %, 1.02 %, 1.46 
%) respectively. 
RA, ChA and CA linked antioxidant potential was found both in the aerial parts and 
roots of the plants except for root of B 11 for CA (Table 6.2). As observed in the 
Table 6.2,  aerial and root samples were observed to contain almost equivalent 
antioxidant potential for RA and CA showing roots to be potential reservoir of 
antioxidants. Representative chromatograms of HPLC and chemiluminescence 
signals obtained for the aerial parts and roots of B 3 cultivar are shown in Figure 6.9. 
Table 6.2. Antioxidant potential of polyphenolics found in three cultivars grown 
in CP system.* 
Cultivar RA (mM/ 100g DW) CA (mM/ 100g DW) ChA (mM/ 
100g DW) 
 aerial parts roots aerial parts roots aerial parts roots 
B 13 9.12± 0.81b 10.75± 0.47a 1.53± 0.019a 1.4 ± 0.037b 2.04 ± 0.35a 1.24± 0.08b 
B 12 14.37± 0.37a 11.52± 1.05a 1.29 ± 0.10a 1.60 ± 0.03a 1.57 ± 0.22a 1.55± 0.05a 
B 11 4.98 ± 0.32 c 6.884± 0.34b 1.54 ± 0.18a Nil 1.11 ± 0.10a 0.49 ± 0.03c 
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* Data represented as mean ± SEM of each of three replicates (n = 3) at a 
concentration of mM/ 100g DW.  Different letters indicate significant differences 
between the cultivars (p ≤ 0.05) according to Tukey’s HSD. 
 
Figure 6.9. Combined plots of the UV absorbance and acidic potassium 
permanganate chemiluminescence chromatograms of aerial (a) and root (b) of 
B 3 cultivar of O. basilicum. Peak numbers represent common peaks found in both 
signals. Peak no. 3 is caffeic acid, peak no. 4 is chicoric acid and peak no. 8 is 
rosmarinic acid. 
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6.3.5.2 Quantification of antioxidant potential of RA, ChA and CA in plant 
extracts: in vitro whole plant system 
The total antioxidant activity was found to be the highest in the B 13 (Red Rubin), B 
12 (Holy Green) and B 7 (Basil Genovese) cultivars growing in the in vitro system 
(see Figure 6.2). RA associated antioxidant activity contributed to 44.7 %, 44.4 % 
and 33.6 % of the total antioxidant potential in these three cultivars respectively 
while ChA (2.8 %, 3.9 % and 5.8 %) and CA (1.0 %, 1.1 % and 1.7 %) showed a 
lower percentage of total signal. The acidic potassium permanganate 
chemiluminescence detection and the subsequent determination of the antioxidant 
characteristics of ChA was observed for the first time in this study on in vitro raised 
plants. Similar chromatogram profiles were produced for the in vitro raised plants to 
that of plants grown in conventional system (Figure 6.9). The antioxidant potential 
found for RA, CA and ChA is shown in Table 6.3. No ChA was found in roots of B 
13. 
Table 6.3. Antioxidant potential of polyphenolics found in three cultivars grown 
in an in vitro system.* 
Cultivar RA (mM/ 100g DW) CA (mM/ 100g DW) ChA (mM/ 100g DW) 
 aerial parts Roots aerial parts Roots aerial parts roots 
B 13 13.08± .64b 13.36± 0.50a 1.66 ± 0.02b 1.44 ± 0.06a 0.61 ± 0.35c Nil 
B 12 20.20± 0.06 a 9.77 ± 0.26c 1.32 ± 0 .04c 1.35 ± 0.02a 2.37 ± 0.48a 1.76 ± 0.12a 
B 7 7.75 ±  0.44c 11.96 ± 0.57b 2.03 ± 0.05a 0.01 ± 0 .00b 1.50 ± 0.15b 0.96 ± 0.03b 
* Data represented as mean ± SEM, (n = 3) at a concentration of mM/ 100g DW. Different letters 
indicate significant differences between the cultivars (p ≤ 0.05) according to Tukey’s HSD 
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6.3.5.3 Quantification of antioxidant potential of RA, ChA and CA in extracts: 
hairy root lines 
From the three O. basilicum cultivars (B 3, B 12 and B 13) selected in Chapter 2 of 
the thesis, seven hairy root lines (HR 1 - 7) were developed (Chapter 3). Out of the 
seven hairy root lines developed in Chapter 3, one hairy root line from each cultivar 
was selected for chemiluminescence studies. The hairy root lines selected were HR 
2, HR 4 and HR 5 as they represented high RA content as well as variability in terms 
of origin (derived from three different cultivars) and morphology. A representative 
chromatogram of UV and chemiluminescence signal for HR 2 is shown in Figure 
6.10. RA is detected as major peak in the hairy root extract of HR 2 (40 d old). 
 
Figure 6.10. Representative chromatograms showing chemiluminescence and 
UV signals from extracts of HR 2 at 40 d after subculture. Dashed line shows 
chemiluminescence signal and solid line shows HPLC signal obtained for the same 
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sample. Peak numbers represent common peaks found in both signals. Peak no. 9 is 
caffeic acid, and peak no. 13 is rosmarinic acid. 
Growth kinetics of antioxidant potential of different polyphenolics (RA, CA, ChA) 
in hairy root lines grown for three time periods was examined and reported in the 
following sections. RA was the major metabolite found in all the hairy root cultures 
grown for different time periods followed by ChA and CA. ChA presence and its 
antioxidant potential was detected by chemiluminescence in the hairy roots of O. 
basilicum for the first time in this study.  The antioxidant potential of RA, ChA and 
CA was found to increase from 20 d to 60 d in all hairy root lines.  
6.3.5.3.1 Antioxidant potential of caffeic acid (CA) 
Among the three polyphenolics studied here, CA was the least available 
polyphenolic in the hairy roots at all three ages. No significant difference was found 
among all the samples at 20 and 60 d. At 40 days HR 2 and HR 4 produced a 
significantly higher quantity of CA in comparison to HR 5 (Figure 6.11 a). CA 
contributed 2.6, 5.6, 1.7 % (HR 2), 4.5, 4.2, 2 % (HR 4) and 3.9, 2.7, 2.8 % (HR 5) to 
total antioxidant potential of hairy roots at 20, 40, 60 d respectively. 
6.3.5.3.2 Antioxidant potential of Chicoric acid (ChA) 
The level of antioxidant potential of ChA found in hairy root samples was found to 
be low. Chicoric acid was not found in 20 d old sample of all root lines. No ChA 
antioxidant potential was found in HR 2 samples. An increase ChA antioxidant was 
found from 40 d to 60 d in HR 5 and HR 4 respectively (40 d; 0.68 and 2.01 mM/ 
100g DW,  60 d; 0.89 and 6.15 mM/ 100g DW)  (Figure 6.11 b). ChA contributed to 
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3.6 and 6 % (HR 4) and 5.3 and 1 % (HR 5) of total antioxidant content at 40 and 60 
d respectively. 
 
Figure 6.11. Antioxidant potential of polyphenolics found in hairy root lines of 
HR 2, 4 and 5 at three different ages. Bars represent mean ± SEM (n = 3) values 
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obtained for a) caffeic acid, b) chicoric acid and c) rosmarinic acid. Similar letters 
show no significant difference (p ≤ 0.05) within the three ages for the three hairy 
root lines by Tukey’s test. 
6.3.5.3.3 Antioxidant potential of Rosmarinic acid (RA) 
At 20 and 40 d no significance difference was found in antioxidant potential of RA 
(range 2.95 to 5.37 mM/ 100g DW) for all three root lines. At 60 d, a significantly 
higher RA antioxidant potential was detected in HR 2 (49.16 mM/ 100g DW) in 
comparison to HR 4 and 5 (27.18 to 28.79 mM/ 100g DW) respectively (Figure 6.11 
c). RA contributed to 60 %, 40 % and 53 % of total antioxidant potential in HR 2 for 
the three time periods respectively. For HR 4, RA was responsible for 8.5 % (20 d), 
27 % (40 d) and 39 % (60 d) of the total antioxidant potential. Similarly for HR 5, it 
was found to have 12 % (20 d), 50 % (40 d) and 51 % (60 d) share of the total 
antioxidant potential of the extracts. The percentage of RA in all these extracts 
confirms it to be the major component in the hairy root extracts. 
6.3.5.4 Correlation between total antioxidant potential, RA, ChA and CA 
content of the hairy root lines 
To derive the correlation between the total antioxidant potential and antioxidant 
potential of individual polyphenolics studied here, Pearson correlation analysis was 
performed. It was found by correlation analysis that RA and CA content were  
positively correlated (p ≤ 0.0001) to total antioxidant potential of the extracts at 20, 
40 and 60 d in all three types of hairy root cultures (Figure 6.12). Highest correlation 
was found for rosmarinic acid among the three polyphenolics analyzed in the hairy 
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root extracts at three ages. It shows that antioxidant potential of hairy root extracts is 
majorly dependent on RA in all extracts. ChA was also found to be correlated at p ≤ 
0.05. R2 calculated for RA and CA was 0.8798 and 0.6114 while ChA showed a 
lower R2 of 0.1577.  
 
Figure 6.12. Correlation between total antioxidant potential and antioxidant 
potential of individual polyphenolic content in hairy root extracts at three 
different ages. The Pearson correlation coefficient (r) for individual antioxidant 
potential of RA, ChA and CA with total antioxidant potential content response was 
0.938, 0.397 and 0.781 respectively. Antioxidant potential detected by 
chemiluminescence assay is expressed as mM/ 100 g DW. Data are presented as 
mean (n = 3) for the extracts of hairy roots at three different ages. 
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6.3.5.5 Quantification of antioxidant potential of RA, ChA and CA: 
mycorrhized root cultures 
Mycorrhized root cultures were studied in comparison with control hairy root lines 
after 60 d to examine the effect of mycorrhization on antioxidant potential of 
colonized hairy root lines. As observed in the earlier experiments (see section 
6.3.5.3.3), RA was found to be the major metabolite in the extracts of mycorrhized 
hairy root lines also. 
An increase in antioxidant potential was observed in mycorrhized hairy root lines of 
HR 2, 4 and 5 (5.3, 3.7 and 12 fold respectively) for RA and CA (2.2, 1.8 and 2 fold 
respectively). A significant difference was found in the RA and CA content between 
the control and mycorrhized hairy root lines showing the potential of mycorrhiza as a 
biotic elicitor and its capability of increasing antioxidant activity of the colonized 
hairy root lines.  
The highest antioxidant potential for RA was found in mycorrhized roots of HR 5 
(329.6 mM/ 100g DW) and the lowest was found in HR 4 (105 mM/ 100g DW). 
Similarly, for CA the highest was found in HR 5 (11.4 mM/ 100g DW). No ChA was 
found in mycorrhized hairy root lines. 
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Figure 6.13. Comparison of antioxidant potential of CA (a) and RA (b) in hairy 
roots and mycorrhized hairy roots after subculture (60 d). Bars represent mean ± 
SEM. Different letters indicate significant differences (p ≤ 0.05) between control and 
mycorrhized root lines according to Sidak’s multiple comparison test.  
6.4 Discussion 
The acidic potassium permanganate chemiluminescence assay is a sensitive and 
efficient method for determination of antioxidant activity and I propose it as a tool 
for the quick selection and screening of conventionally or in vitro grown plants, 
hairy root lines and mycorrhized hairy root co-cultures. For high throughput 
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screening studies of complex plant matrices, HPLC is a useful technique to estimate 
the content of any analyte, but it fails to provide any information about reactivity of 
the analyte. Coupling HPLC with assays which can provide information about 
reactivity of a molecule adds a further dimension to standard analyses.  
Among the three commonly used post column assays (DPPH•, ABTS•+ and 
permanganate assay), acidic potassium permanganate chemiluminescence has been 
shown to be a remarkably sensitive and rapid assay for post column antioxidant 
analysis and quantification of readily oxidisable phenolics and other related 
compounds (Costin, et al, 2003; Adcock et al. 2007; Bellomarino et al. 2009; Francis 
et al. 2010). Acidic potassium permanganate assays work on the principle of light 
emission from an excited manganese (II) product and is shown to have strong 
correlation with conventionally used batch style antioxidant assays like DPPH•, 
ABTS•+ assay (Francis et al. 2010) and bioactivity (Conlan et al. 2010). Thus, in this 
study HPLC coupled with acidic potassium permanganate chemiluminescence assay 
was applied for the first time to study its utility on different types of samples of O. 
basilicum.  
Gulcin et al. (2007) examined antioxidant activity of water and ethanolic extracts of 
O. basilicum and advocated the use of five different batch style methodologies to 
provide information about the antioxidant status of the basil extracts. Use of different 
antioxidant detection methodologies is time intensive, difficult to perform for 
screening of large sample sizes and fails to provide any information about individual 
compounds present in the extract (Del Bano et al. 2003; Javanmardi et al. 2003; 
McDermott et al. 2010) and can be overcome by use of acidic potassium 
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permanganate chemiluminescence assay. Results obtained in preliminary analysis of 
eight commonly found polyphenolics in O. basilicum were in concurrence with those 
obtained by others (Costin et al. 2003; Mc Dermott et al. 2011) showing that 
complex polyphenolics such as rosmarinic and chicoric acids provide higher 
chemiluminescence response in comparison to simpler phenolics such as vanillic 
acid. This observation that RA has more intense signal is correlated to its extended 
electron delocalization and increased radical stabilization with condensed ring 
structures (Costin et al. 2003). High antioxidant potential of rosmarinic acid can also 
be defined due to the presence of two catechol rings with a carboxylic acid (Del 
Bano et al. 2003). Chicoric acid was also found to produce a positive 
chemiluminescence response showing its potential as a antioxidant molecule by 
chemiluminescence assay for the first time. High sensitivity of the 
chemiluminescence assay for RA and CA showed similarity to the results obtained 
by Costin et al. (2003) and McDermott et al. (2011). 
The solvent and extraction methodology are important parameters for developing a 
new extraction methodology for antioxidants. In the current method 60 % (v/v) 
ethanol in water with 15 min sonication was used for extraction of antioxidants. In a 
similar approach 60 % ethanol and 15 min maceration was reported to provide 
optimal yield of antioxidants by Lugato et al. (2014) for Passiflora alata Curtis. 
Grzegorczyk et al. (2007) showed methanol to be better than acetone for extraction 
of high antioxidant yield. Ethanol was selected in the current study for extraction of 
antioxidants because of its less toxicity to environment and human beings than 
methanol. 
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Acidic potassium permanganate chemiluminescence assay shows strong correlation 
with analytical methods such as DPPH• assay (Francis et al. 2010) and bioactivity 
(Conlan et al. 2010) and thus shows its applicability as an independent assay. 
Because of the correlation between bioactivity and chemiluminescence it was the 
assay of choice for analysis of O. basilicum samples. The results of total antioxidant 
potential detected by acidic potassium permanganate chemiluminescence assay in the 
current study indicated that antioxidant potential was significantly affected by 
cultivar type in both conventional and in vitro grown plants. In the post column 
online chemiluminescence signal of all the extracts, RA was observed as the major 
peak showing its utility as a chemo-marker for selection of O. basilicum cultivars as 
earlier proposed by Sgherri et al. (2010).  
Utility of biotechnologically developed callus, suspension and hairy root cultures 
have been studied in the past for standardized production of secondary metabolites 
(Grzegorczyk et al. 2007; Weremczuk-Jezyna et al. 2013; Thiruvengadam et al. 
2014,). Genetic stability, high biomass production and hormone independent growth 
make hairy roots as preferred choice for secondary metabolite production 
(Thiruvengadam et al. 2014). To my knowledge for the first time acidic potassium 
permanganate based antioxidant assay was applied to hairy root cultures of O. 
basilicum. Comparison of antioxidant potential of normal roots and hairy root lines 
showed two fold increase in antioxidant potential similar to the result observed by 
Grzegorczyk et al. (2007) and Thiruvengadam et al. (2014 ) using DPPH• and 
phosphomolybdenum assays. From the present study, hairy roots were shown to be a 
better resource of antioxidant molecules than untransformed root material. The 
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present study also found RA as the major molecule for antioxidant activity in the 
hairy root extracts.  
Enhanced secondary metabolite production is achieved by elicitation. Many studies 
on plants grown in pot systems (Tousaaint et al. 2008; Araim et al. 2009; Zeng et al. 
2013) have shown the ability of mycorrhiza to increase secondary metabolite yield. 
A part of my study was to identify AMF role as a biotic elicitor for enhancement of 
antioxidants yield in hairy root cultures of O. basilicum. Chemiluminescence studies 
conducted in this chapter showed significantly higher antioxidant potential in the 
mycorrhized hairy roots than hairy roots. Similar to hairy root results, RA was also 
found as the major antioxidant molecule in the extracts of mycorrhized hairy roots 
also. This study for first time reports on the use of chemiluminescence for analysis of 
antioxidant potential of mycorrhized roots and also shows great potential of this 
approach for future use. 
In conclusion, the antioxidant potential studies in conventional and in vitro grown 
plants showed considerable variability among collected cultivars. In vitro system was 
better in terms of antioxidant potential when compared with CP system. Further it 
was also observed that age of hairy roots when harvested determines the level of 
antioxidant potential in extracts. Remarkable high antioxidant potential values that 
were observed in mycorrhized hairy root cultures in comparison to control hairy root 
lines showed the potential of mycorrhiza as a biotic elicitor. The current study has 
thus opened up a new platform for the application of acidic potassium permanganate 
chemiluminescence-based assays for screening plants for antioxidant bioactives, 
rapid analysis of biotechnologically developed cultures for antioxidant content and 
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for identification of new elicitors, in addition to the identification of individual 
compounds linked antioxidant potential. 
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Chapter 7: General discussion 
7.1 Summary 
Mycorrhizal colonization is known to improve plant growth and induce secondary 
metabolite production with many reports of such effects from plants grown in the 
greenhouse and under field conditions. However, the impact of mycorrhizal 
interactions on secondary metabolite content of transformed hairy roots of medicinal 
plants is not reported. The research presented in this thesis has made significant 
contributions in identifying the potential of mycorrhiza as an elicitor of rosmarinic 
acid in hairy roots of Ocimum basilicum. A strategic approach of analysis and 
optimization of secondary metabolite production that involved cultivar selection 
(Chapter 2), hairy roots development and selection (Chapter 3), co-culture 
development and elicitation (Chapter 4), green extraction (Chapter 5) and antioxidant 
analysis (Chapter 6) was followed in the present study. The results presented in this 
thesis confirm future application potential towards improved processes. A novel and 
efficient in vitro system was developed in this study for cultivar selection and two 
high and one low RA producing cultivars were selected. Selected cultivars were used 
in transformation studies and the developed hairy roots showed higher RA levels 
showing transformation was an efficient methodology that improved secondary 
metabolite production. Among the seven hairy root lines tested, three were selected 
for co-culture development studies. Mycorrhiza was found to significantly increase 
RA production and thus showed its potential as an elicitor. Further, novel approaches 
to separate biological and biochemical products were also screened and 10 % 
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methanol, higher percentages of dimethyl sulfoxide and low molar ionic liquids with 
sonication assisted extraction were identified as the possible leads for a green 
extraction method. A new technique based on acidic potassium permanganate 
chemiluminescence for estimation of antioxidant potential in different samples of O. 
basilicum was also used and advantages of its applications for assessment of 
antioxidants were also found. 
7.2 In vitro growth system as a novel and efficient system for bioprospecting 
studies 
For co-culture development the first approach adapted in this project was to select 
potential cultivars of O. basilicum for hairy root development studies. High 
biochemical and genetic diversity is reported in O. basilicum (Javanmardi et al. 
2002; Makri and Knitzios 2008; Kwee and Niemeyer 2011). Fifteen cultivars were 
selected on the basis of their germination percentage in the current study for 
bioprospecting studies. In plant science, pot systems are a conventionally used 
technique for screening of plants even though it is a large scale, cumbersome and 
voluminous technique and often incurs high cost, requires labor and space and often 
also lacks reproducibility. In addition, secondary metabolite production in plants 
grown in pot systems may also alter due to the use of different growth substrates and 
environmental conditions (Treutter 2006; Nguyen et al. 2010; Srivastava et al. 2014). 
To overcome the disadvantages of conventional pot systems, an in vitro plant growth 
system where MS medium was used as the growth substrate was proposed and used 
(Chapter 2). In vitro plant growth was found to be efficient for screening of different 
cultivars of O. basilicum for RA content. It was also found to be advantageous in 
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terms of simplicity of operation, less space requirement, nondestructive sampling 
and high reproducibility (See Figure 2.7 for a summary). RA content reported here 
for the whole plant was found to be significantly similar in 11/ 15 cultivars showing 
that in vitro system is as good as conventional pot system for screening studies for 
the major metabolite (RA) found in O. basilicum. A comparison of the conventional 
pot (CP) system with the in vitro system developed in the study found that a higher 
RA content was found in plants grown in the CP system. The higher RA content in 
the CP system can be attributed to different growth substrate, regular nutrient 
supplementation and early flowering. On the basis of RA content in the whole plant 
(aerial parts + roots) cultivars B 13, B 12 and B 7 were found as the highest RA 
producing cultivars while B 3, B 5 and B 11 were found as the low RA producing 
cultivars in both growth systems. Further, based on similarities of RA amount in both 
the systems, B 13 and B 12 were selected as the high RA and B 3 as low RA 
producing cultivars for hairy root development studies.  
Chicoric acid (ChA) and caffeic acid (CA) were also studied as minor metabolites 
for screening of collected cultivars of O. basilicum. Contrary to the results obtained 
with RA, significant differences were observed between the CP system and in vitro 
system for ChA and CA. This observation for the production of minor metabolites 
may be accounted for by the differences in the growth substrate and growth 
conditions. Further, as the extraction methodology used was optimized for RA in the 
current study a new methodology that targeted at optimization of ChA and CA 
extraction was also proposed.  
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7.3 Roots of O. basilicum as an alternative and underexplored resource of 
rosmarinic acid  
In the great majority of studies the aerial parts of O. basilicum have been explored 
for RA content with  limited reports on roots as its source (Bais et al. 2002; 
Toussaint et al. 2008; Kiferle et al. 2011; Scagel and Lee (2012). Here roots were 
established as an alternative resource of RA in both the growth systems (results 
presented in Table 2.4 & 2.5). In the four cultivars (B 3, B 5, B 6, B 7) grown in the 
in vitro system, significantly higher amounts of RA were found in roots in 
comparison to aerial parts while a similar amount of RA was found in B 13. In the 
CP system also higher concentrations of RA were found in roots rather than aerial 
parts of cultivars B 5, B 11, B 13 and B 14. The higher amounts of RA found in the 
roots of B 13 in both growth systems further justified its selection for transformation 
studies. 
7.4 Flower color as a preliminary screening factor for selection of basil cultivars 
On cluster analysis a distinct correlation between RA content and flower color was 
found (Figure 2.6). White colored flower were found to have lower amount RA 
while purple flower cultivars had higher RA levels on whole plant basis. Use of 
flower color as a preliminary screening parameter for the selection of O. basilicum 
cultivars during screening studies was thus proposed from this study. On further 
comparison between the two flower groups and RA content in different plant organs, 
it was concluded that cultivars in the white flowered group showed higher or similar 
contents of RA in roots in comparison to aerial parts. Thus, roots of white flowered 
cultivars were found to be a more reliable resource of RA. Further investigation, 
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perhaps through genetic analysis, of this link between flower color and secondary 
metabolite content would seem to be warranted. 
7.5 Hairy root induction is explant-specific and virulence dependent 
After the selection of three potential cultivars of O. basilicum from Chapter 2, the 
next objective was to develop transformed hairy roots and their selection for co-
culture development. Among the four different strains of Agrobacterium rhizogenes 
and three different types of explants (young leaf, cotyledon, hypocotyl) used, young 
leaves and A. rhizogenes A4 were found as the best combination for the hairy root 
induction studies with the three selected cultivars of O. basilicum. Large surface 
area, active physiological state and high regeneration capacity were suggested as 
reasons for high response of leaf in comparison to hypocotyl and cotyledon for hairy 
root development (Nourozi et al. 2014; Bansal et al. 2014; Vyas and Mukhopadhyay 
2014). Thus this study showed that leaves are the best explant for hairy root 
induction studies irrespective of the cultivars of O. basilicum used and they can be 
directly used for hairy root induction studies in future. Low infection potential of A. 
rhizogenes 11325 in comparison to A. rhizogenes ARqua1-pTSC5 and A. rhizogenes 
A4 was explained due to the difference in the chromosomal virulence genes (Tiwari 
et al. 2008). Callusing was also observed near the emergence of hairy roots in some 
of the leaf and hypocotyl explants of B 12 and B 13 cultivars. Wound induced 
phytohormone production which results in callus formation as suggested by Triplett 
et al. (2008) may explain such an observation. Putative transformed root lines 
derived from a single explant was considered as a single root line in the current 
study. A. rhizogenes 11325 induced putative transformed hairy root lines that were 
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very thin in their morphology and showed low survival rate and were eliminated 
from further study. Further, the root lines derived from A. rhizogenes ARqua1-
pTSC5 were also not selected as this strain is a derivative of A. rhizogenes A4. Out 
of eleven root lines derived from A. rhizogenes A4, seven root lines (3 from B 3, 1 
from B 12 and 3 from B 13) were selected on the basis of their growth and 
morphological variability for confirmation and morphological and biochemical 
characterization studies.  
7.6 Inter-cultivar morphological variability between the developed hairy root 
lines and correlation with endogenous auxin content 
Each of the seven root lines derived after transformation studies were confirmed to 
be transformed with T-DNA (TL and TR-DNA regions) of A. rhizogenes by PCR, 
GUS histochemical assay and aux 2 expression studies. As co-culture development 
was the main aim of the study, the characterization studies were performed on M 
medium because it is an established medium for mycorrhization studies in vitro (Puri 
and Adholeya 2013).  Selected hairy root lines were further used for morphological 
and chemotypic variation studies. Morphologically, a distinct inter-cultivar 
variability was found in the current study as all B 13 derived hairy root lines were 
thin in diameter and showed callus formation when compared with hairy root lines of 
B 3 (two out of three) and B 12. Callus formation in hairy roots of B 13 may be due 
to differences in copy number of TL and TR-DNA and their insertion site 
(Bandyopadhyay et al. 2007). The reasons for callus formation in hairy roots derived 
from B 13 should be examined in future using molecular studies. Interestingly, a 
positive correlation between the root length and endogenous auxin content in 
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transformed hairy root lines (60 d) of O. basilicum was also established as earlier 
reported by Thimmaraju et al. (2008) in hairy roots of Beta vulgaris. Further it was 
also proposed through the current study that the thin morphology of HR 1 and HR 5 
roots was due to their low endogenous auxin content which can be explored more in 
future with hairy roots of the same or different plant species.  
7.7 Total phenolic content in hairy root lines is cultivar dependent 
All hairy root lines showed significant difference at 20, 30 and 60 d.  No difference 
in total phenolic content between hairy root lines derived from the same cultivar was 
also found (all three from B13 and two [HR 1 and 2] from B3). Thus, total phenolic 
content estimated in seven hairy root lines in the current study was found to be 
effected by cultivar type.  
7.8 Rosmarinic acid production in hairy root lines of O. basilicum is age-
dependent, the merits of hairy root lines and their selection for mycorrhization 
studies 
Variable numbers of peaks were found in the hairy root extracts after HPLC analysis 
among which only RA and CA were quantified thus, identification and quantification 
of non-targeted peaks in future is also proposed from this study. The highest 
numbers of peaks found in the extracts of HR 4 can be correlated with its higher total 
phenolic content compared with the other six hairy root lines. Caffeic acid was 
identified as a minor metabolite in all hairy root lines. RA levels found in the hairy 
root lines (chapter 3) were found to be age dependent. Optimal age of RA production 
in B 3 derived hairy root lines was 40 d while for B 12 and B 13 derived root lines, it 
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was 50 d and 60 d respectively. Generally, RA production was also found to be 
growth related as the more prolific hairy root lines (HR 1, 2 and 3) produced higher 
RA levels at a lower age (40 d) than the slow growing (60 d; HR 5, 6 and 7) hairy 
root lines. The decrease in RA levels of HR 1, 2 and 3 after 40 d may have been due 
to nutrient medium limitation indicating that RA production is nutrient dependent 
and support the notion that continuous supply of may be a key for the heightened 
production of RA in the hairy roots of O. basilicum. The content of RA in hairy root 
lines derived from the same cultivar at their optimal RA production age was 
significantly similar but differed between cultivars and their age. RA levels in the 
seven hairy root lines at their optimal age were compared and no significant 
difference was found suggesting that all roots are equally good producers of RA but 
at different ages.  
HR 2, 4 and 5 were selected for co-culture development studies as they represented 
both cultivar and morphological variability and also produced higher levels of RA. 
Higher metabolite and biomass production have been identified as advantages of the 
use of hairy root cultures (Mallol et al. 2001; Bais et al. 2002; Grzegorczyk et al. 
2006; Thimmaraju et al. 2008; Giorgiev et al. 2012) and these features have also 
been identified in the current study. B 3 derived hairy root lines showed a remarkable 
five-fold increase in RA content over that of untransformed roots while in B 12 and 
B 13 derived root lines it was increased two-fold. Similar to RA levels, the root 
biomass of all hairy root lines was also higher (approximately two-fold) than that 
produced by normal plants.  
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The current study differed from other reports in terms of medium (M media) and its 
state (solid) on RA production and showed that the developed roots can be also 
studied in future with different mediums and growth conditions for a better RA yield. 
The highest values reported in this study are half to that reported by Tada et al. 
(1996) for hairy roots of O. basilicum and use of different medium and the different 
A. rhizogenes strain used for transformation studies may account for such 
observations. Comparing the RA amount obtained in the current study with two 
recent reports on RA production and hairy roots, RA levels found in the current 
study was almost fifty times higher than the amount reported by Fattahi et al. (2013) 
in hairy roots of Dracocephalum kotschyi Boiss while similar RA amount (78 mg/ g 
DW) was reported in hairy root cultures of Dracocephalum moldavica (Weremczuk-
Jeyna et al. 2013). 
Interestingly, results presented in this thesis also showed that B 3 which was a low 
RA producer in chapter 2 of the thesis showed higher RA values at a younger age 
(40 d) in comparison to B 12 and B 13, which were high RA producers. This result 
shows the importance of screening studies and also shows that low producers can 
provide better RA content after transformation. Higher RA levels in B 3 derived 
hairy roots and can be correlated with early transformation (7 d) and high 
transformation efficiency of B 3 explants in comparison to B 12 and B 13. Further, 
contrary to reports of Mallol et al. (2001) no correlation between root morphology 
and RA content was found as RA levels produced by thick roots was similar to that 
of thin roots.  
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7.9 Mycorrhizal endosymbioses in vitro is host- and genotype-dependent and 
similar to naturally occurring arbusclar mycorrhiza 
Mycorrhizal endosymbioses are explored for many years for their beneficial effects 
on plants. Improvement in quality and quantity of secondary metabolite production 
after mycorrhization in medicinal plants is well studied with plants grown in green 
house or in natural conditions (Zeng et al. 2013; Pedone-Bonfim et al. 2015). Here in 
the current study, this naturally occurring symbiotic relationship was mimicked in 
vitro with transformed roots of O. basilicum to identify the similarities or differences 
to those that occur naturally and to study the potential of mycorrhiza as an elicitor.  
To the best of my knowledge the present study reports, for the first time, 
development of mycorrhizal co-culture with transformed roots of O. basilicum with 
various mycorrhizal isolates. That mycorrhizal colonization in vitro was found to be 
both host and AMF genotype dependent. Differences in colonization percentage 
between the three mycorrhizal cultures for the same hairy root line marked their 
AMF genotype dependency (Lopes-Raez et al. 2010; Zubek et al. 2012) while the 
ability of Rhizophagus proliferus to colonize HR 5 but not HR 2 and 4 showed its 
host-dependent nature (Tiwari and Adholeya 2003; Eftekhari et al. 2012). Inability of 
Rhizophagus proliferus to infect transformed roots and trigger signaling cascades 
responsible for mycorrhizal colonization and no response signals from host roots can 
be put forward as reasons for such observation. That hairiness of transformed roots 
had no effect on mycorrhizal development was also observed, contrary to the reports 
of Puri and Adholeya (2013).  Similar to the stages involved in natural mycorrhizal 
ontogenesis, appresorium formation, arbuscule development, vesicle formation and 
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extra- and intra-radical sporulation was observed with transformed roots of O. 
basilicum in the current study. Thus, transgenic nature of roots had no effect on 
mycorrhizal colonization was observed and was found to be similar to the results 
obtained by Mrosk et al. (2009) with transformed  roots of Medicago truncatula. 
Similar to the studies of Javot et al. (2007) transient nature of arbuscules in 
transgenic roots of O. basilicum was also reported for the first time through this 
study using autofluorescence. All mycorrhizal structures showed equal 
autofluorescence in the present study in difference to the reports of Ames et al. 
(1982) and Gange et al. (1999). This observation can be attributed to the in vitro 
origin of roots, advanced instrumentation and different sample preparation 
techniques adapted in the current study. Use of confocal scanning microscopy for 
quick and easy analysis of colonization of mycorrhizal roots is thus proposed 
through this study. The present study also reports, again for the first time, the use of 
scanning electron microscopy for analysis of all stages of the mycorrhizal life cycle 
in vitro with colonized roots of O. basilicum. Arbuscules were observed as highly 
branched and tree shaped structures in cortical cells of colonized roots and has not 
been reported previously with mycorrhized roots of in vitro origin. Thus through 
conventional and advanced microscopical techniques it was found that mycorrhizal 
endosymbioses in hairy roots is similar to naturally occurring arbuscular mycorrhiza. 
7.10 Mycorrhization impacts root morphological traits, secondary metabolite 
concentration and also affects defense related enzyme activity 
The main aim of the project was to identify the potential of mycorrhiza as an elicitor 
in vitro. For elicitation studies Rhizophagus irregularis isolate 1 among the three 
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mycorrhizal cultures was screened as it effectively colonized all the three hairy root 
lines used.  Mycorrhizal colonization was studied with respect to time. 
Morphologically, contrary to the reports of increased root length due to 
mycorrhization in the greenhouse conditions (Ceccarelli et al. 2010), no significant 
effect was found on either root length, root diameter, number of tips, fresh root 
biomass and dry root biomass of hairy roots. The transgenic nature of roots may be 
the reason for such a result but there is considerable scope for studying such a 
response in future. 
Impact of mycorrhizal colonization revealed increase in total phenolic content of HR 
2, HR 4 and HR 5 with age. Although significant difference was found only in HR 2 
at 30 d and 60 d and HR 5 at 60 d after mycorrhization, it can concluded generally 
that mycorrhization can increase total phenolic content of hairy roots. Further, high 
total phenolic content of mycorrhized roots of HR 2 can be correlated with high 
colonization potential found in their co-culture in comparison to the other two hairy 
root lines.  
Interestingly, the impact of mycorrhizal colonization on the targeted metabolite (RA) 
showed significantly higher RA content in mycorrhized hairy roots than hairy roots. 
In another reports on plants belonging to family Lamiaceae effect of mycorrhization 
has been studied on RA content but due to difference in plant material, experimental 
design and conditions, a direct comparison of these reports to the present study is not 
justified. However, on comparison of reports on natural roots of basil and Glomus 
mosseae (Toussaint et al. 2008) with my study one can conclude that mycorrhization 
elicits RA production in roots. The observations made in the present study showed 
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mycorrhiza can act as a biotic elicitor of rosmarinic acid in in vitro conditions. 
Influence of mycorrhization on phytohormone levels, signaling cascades, enzymatic 
activity (PAL and CHS) can be explained as reasons for such a response and will 
require further exploration in future studies A positive correlation was found 
between PAL levels and RA content which showed that AMF colonization 
systemically affects plant defense-related enzymes (Zhang et al. 2013). Thus chapter 
4 of the thesis clearly demonstrated the utility of mycorrhiza as a biotic elicitor in 
vitro 
7.11 Green extraction method development for utilization of mycorrhized roots 
as biological and biochemical factories 
Novelty of the mycorrhized root co-cultures developed in this research was in their 
ability to produce both viable mycorrhiza and rosmarinic acid as final products. For 
industrial application of the developed mycorrhized roots, efficient separation of 
above two products is required and thus green extraction method development was a 
critical objective in this study. To, my knowledge, this study is first to report the use 
of mycorrhized root cultures of O. basilicum for RA extraction nondestructively. The 
term “green extraction” used here was to address a technique which can be used for 
RA extraction from hairy roots with minimal or no effect on mycorrhizal fungus and 
root viability. Prior to the present report, there have been only four studies on 
metabolite extraction from plant cells while maintaining viability after extraction 
(Park and Martinez 1992; Weathers et al. 1995; Shotipruk et al. 2001; Wang et al. 
2001). Two major processes, namely temperature- (extended contact with solvent) 
and sonication- (immediate contact with solvent) assisted extraction were selected 
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for screening studies as all other methods such as accelerated solvent extraction, 
pressurized liquid extraction, super critical carbon dioxide extraction, microwave 
assisted extraction (Herrero et al. 2010; Mustafa and Turner 2011; Zhang et al. 2011; 
Rodriguez-Rojo et al. 2012; Azmir et al. 2013) were found to be unsuitable for 
mycorrhizal viability. Solvents used included ethanol, methanol, acetone, ionic 
liquids, dimethyl sulfoxide (DMSO), biocompatible solvents and a surfactant 
(Triton-X 100) with temperature- and sonication-assisted extraction. Through 
temperature assisted extraction, 30 °C was found to be the optimum temperature for 
maintaining mycorrhizal viability and was selected for sonication assisted extraction. 
Both ethanol and methanol at 10 % with 6 h incubation produced highest 
mycorrhizal viability but showed nil or very low RA yields. Thus temperature 
assisted extraction (TAE) was not selected as a green extraction alternative. Further, 
with sonication-assisted extraction, methanol (10 %) and low molar (0.25 M) ionic 
liquids, DMSO (all percentages studied) were found to be suitable extractants for 
maintaining mycorrhizal and root viability and RA yield. Although RA yield in all 
the above screening methods was low, these methods should be selected for future 
optimization studies. Alternatives for improving RA yield with the above screened 
methods can be the use of higher sonication frequencies, increased sonication time, 
different S/L ratio, low sonication frequency with increased treatment time and/or, 
higher percentages of DMSO. This study also showed that ethanol, acetone, nonane, 
dodecane and Triton X-100 are not suitable extractants for maintaining mycorrhizal 
viability. 
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Other than extraction methodology the RA yield can be also increased by 
pretreatment methods. Here, soaking in water was not found suitable as a 
pretreatment method. Possible alternative pretreatments can be the use of chemical 
destabilizers, surfactants, pH or enzymes like factors (Weathers et al. 1995, 
Chamorro et al. 2012, Puri et al. 2012). Water was not found suitable for RA 
extraction studies in the present study but good for maintaining mycorrhizal and root 
viability, thus a processes which increase extraction efficiency water can be useful. 
Recently, “nanobubble” water was used for RA extraction (Tsuji et al. 2013) thus it 
can be used in future studies with mycorrhizal roots to test its ability as a green 
solvent. Further, to improve downstream processing of RA from green solvents, I 
also propose use of nanofiltration and resin absorption (Peev et al. 2011; Lin et al. 
2012) like techniques for future use. Thus, through chapter 5 of this thesis I propose 
use of developed mycorrhized roots as continuous biological and biochemical 
factories. 
7.12 Acidic potassium permanganate chemiluminescence assay as a novel, 
sensitive and efficient technique for the assessment of antioxidant potential in 
different samples of Ocimum basilicum 
Ocimum basilicum is a rich resource of polyphenolics having antioxidant potential. 
Detection of antioxidant potential by conventional antioxidant assays [2, 2-diphenyl-
1-picrylhydrazyl radical (DPPH•) and 2, 2-azinobis-(3-ethylbenzothiazoline-6-
sulphonic acid) radical cation (ABTS•+)] is a time-consuming process and is also 
associated with drawbacks of short shelf life of reagents and low sensitivity 
(Mnatsakanyan et al. 2010; Conlan et al. 2010; McDermott et al. 2011; Srivastava et 
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al. 2014). Acidic potassium permanganate based chemiluminescence assay was 
method of choice in the current study because it readily reacts with polyphenolics 
and also shows positive correlation with conventional antioxidant assays (DPPH•, 
ABTS•+) and bioactivity (Bellomarino et al. 2009; Francis et al. 2010; Conlan et al. 
2010).  
To the best of my knowledge, the use of the acidic potassium permanganate based 
chemiluminescence assay is reported for the first time with different samples of O. 
basilicum through this study. Both total and individual antioxidant potential were 
quantified here. HPLC system used for online acidic potassium permanganate assay 
was modified in the current study to function as a flow injection system for 
assessment of total antioxidant potential. This showed that same instrument (no flow 
injection system required) can be used for both total and individual antioxidant 
potential assessment with only one modification and can be of use to future studies 
also. Both ethanolic and methanolic extracts of O. basilicum showed similar 
chemiluminescence response in the current study and it was thus concluded that both 
solvents are equally good for extraction of antioxidants from O. basilicum. Further, 
ethanol was selected for extraction and chemiluminescence studies because of 
industrial applicability and generally recognized as safe (GRAS) status. The 
extraction methodology used was similar to Lugato et al. (2014) for optimal 
extraction of antioxidants. 
Considerable variability in total antioxidant potential was found between cultivars 
grown in in vitro or conventional pot system. Interestingly, plants grown in in vitro 
system were found to have higher antioxidant potential than those in the 
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conventional pot system in 11/ 15 cultivars showing its merit over the CP system. B 
12 and B 13 showed highest antioxidant potential values in both the systems. Higher 
antioxidant potential of B 12 and B 13 can be correlated with their higher total 
phenolic content estimated in chapter 2 and it can be also concluded that total 
phenolic and antioxidant potential are positively correlated. Total antioxidant 
potential detected in hairy root lines showed a positive correlation with their total 
phenolic content found in chapter 3. It was also observed that all hairy root lines 
were similar to each other in terms of total antioxidant potential. Hairy roots are 
better reserves of antioxidant molecules than a non-transformed root was also shown 
in the current study (Grzegorczyk et al. 2007; Thiruvengadam et al. 2014). That 
mycorrhizal associations are capable of improving antioxidant potential was also 
observed. Thus on the basis of total antioxidant potential it can be concluded that 
mycorrhized roots are better than transformed roots which in turn are better than 
untransformed roots and also shows the merit of biotechnological modifications for 
improving antioxidant potential.  
One of the distinct advantages of online HPLC coupled chemiluminescence assay is 
that it provides information about antioxidant potential of individual compounds in a 
complex matrix. Thus, through this technique it is possible to identify major and 
minor antioxidant molecules in a sample in one operation only. In various extracts of 
O. basilicum studied here, rosmarinic acid was found as the major antioxidant peak 
followed by chicoric and caffeic acids. Further, a high correlation between RA and 
total antioxidant potential was also found showing that antioxidant property of basil 
extracts was RA linked. Mycorrhization significantly affected RA production in 
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hairy roots and confirmed its role as a biotic elicitor to improve production levels of 
major metabolites. Many peaks were detected in extracts of O. basilicum in this 
study, out of which three targeted peaks were studied but there is a need to identify 
other antioxidant peaks in the extracts. Further, a mass spectrum analysis of the same 
extracts would also add on to the information on various metabolites found in the 
extracts and may also identify several of the unknown peaks. HPLC chromatograms 
of untransformed roots, hairy roots and mycorrhized roots were similar in terms of 
presence of RA and CA but mycorrhized roots showed no ChA an interesting result 
that should be followed up in future. Further, mass spectral analysis of mycorrhized 
roots and their comparison with hairy roots would also answer the question, whether 
mycorrhization alters antioxidant profile of transformed roots or not?  
Thus a chemiluminescence based assay was found to be a sensitive and efficient 
method for determination of antioxidant activity in various samples of O. basilicum, 
which I propose as a tool for quick selection and screening of officinal plants and 
other biotechnologically derived cultures such as callus and hairy root cultures. 
7.13 Transformation and mycorrhizal elicitation increases RA content in vitro 
A rational approach of stage-wise selection was applied in the current project to 
ensure selection of the most suitable cultivars, hairy roots and mycorrhized hairy root 
co-cultures. From the chapter 2, three cultivars (B 12, B 13, B 3) were selected (two 
high and one low RA producing) to study the difference due to transformation on RA 
production. Interestingly, transformed hairy roots derived from the lowest RA 
producing cultivar produced equivalent RA levels when compared with hairy roots 
derived from high RA producing cultivars. Thus HR 2 derived from B 3 and HR 4 
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and HR 5 derived from B 12 and B 13 were selected on the basis of cultivar and 
morphological variability and RA content for co-culture developmental studies. 
After 90 d, RA content in the co-cultures of HR 2 doubled while in mycorrhized 
roots of HR 4 and HR 5, an increase of 1.4 times was found. Further, in comparison 
to co-cultures of HR 4 and HR 5, mycorrhized hairy root lines of HR 2 was selected 
because of high colonization, mycorrhizal spore density and equally good RA 
content for green extraction studies. Thus, it can be concluded that transformation 
and mycorrhization are effective techniques for increasing RA concentrations, 
particularly in low RA producing cultivars. 
7.14 Advantages of the novel approach adapted in the present study over 
reported mycorrhizal elicitation studies 
Mycorrhizal colonization improves secondary metabolite production in medicinal 
plants. Conventional approaches (growth in pot systems and under field conditions) 
adapted for mycorrhizal elicitation studies usually report the use of a single plant 
species, neglecting the importance of selection of plants for high secondary 
metabolite content (Toussaint et al. 2008; Zubek et al. 2012a; Zubek et al. 2015). 
Reports also focus on both aerial and root parts of the plants for studying impact of 
mycorrhization showing the potential of roots as a source of medicinally important 
secondary metabolites (Toussaint et al. 2008; Ceccarelli et al. 2010; Zubek et al. 
2010; Zubek et al. 2012a). Further, experiments conducted in greenhouse and under 
field conditions are labor intensive, affected by environmental conditions, varies 
from region to region, involves destructive sampling, show low reproducibility and 
there are issues related with their industrial applications (Figure 7.1).  
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Identification of the potential of mycorrhiza to elicit root derived secondary 
metabolites was the purpose of the study. It was achieved by development of a co-
culture system in in vitro with transformed hairy roots and had distinct advantages of 
controlled and continuous growth of mycorrhized roots and enhanced metabolite 
production over conventionally used approaches. Strategy involved in the present 
study was novel in terms of approaches adapted. Here importance of phytochemical 
screening and selection studies in a novel in vitro plant growth system was shown for 
hairy root development. The selected cultivars were transformed for hairy roots 
formation followed by screening of hairy roots for co-culture development. Hairy 
root lines derived from low RA producing cultivar showed equality in terms of RA 
with hairy root lines of high RA producing cultivar marking the importance of 
selection studies. The developed co-cultures showed merits of controlled and 
enhanced rosmarinic acid production than hairy roots. Further, pivotal role of green 
extraction methodologies screened in the present study for extraction of rosmarinic 
acid with mycorrhizal and root viability maintained and having industrial application 
was also shown in the study. Figure 7.1 shows distinct merits of the approach 
adapted in the thesis to study potential of mycorrhiza as an elicitor of root derived 
secondary metabolites over conventional approaches. 
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Figure 7.1. Merits of novel approach adapted in this thesis over conventional approach for identifying potential of 
mycorrhiza as an elicitor of root derived secondary metabolites. Conventionally field and pot grown plants are used 
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for identifying potential of mycorrhiza as an elicitor and this approach has many disadvantages. Stage-wise approach 
which involved plant selection (I), hairy root development (II), co-culture development (III), green extraction (IV) and 
chemiluminescence assay (V) was used in this thesis. The current study showed distinct advantages of the developed 
mycorrhiza hairy root co-cultures and their industrial importance. The study conducted here proposed that the developed 
co-cultures are a resource of biological (mycorrhizal propagules) and biochemical (rosmarinic acid) products.  
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7.15 Final conclusions and future directions 
Co-culture development for identifying the potential of mycorrhiza as an elicitor of 
rosmarinic acid with hairy roots of Ocimum basilicum is a novelty from this work. 
The research presented in this study, for the first time, reports a strategic approach 
for development of mycorrhiza-hairy root co-cultures for elicitation, potential green 
extraction method development and antioxidant studies. The main conclusions of this 
project are as follows: 
x In vitro system proposed in the current study is a novel, efficient and 
reproducible screening module for bioprospecting studies of O. basilicum.  
x Roots of O. basilicum (especially from white flower cultivars used in the 
current study) are potential resource of rosmarinic acid. 
x Hairy root development is explant-specific and virulence-dependent in O. 
basilicum and morphological variability found in the developed hairy root 
lines is cultivar specific. 
x Hairy roots are better resource of RA in comparison to normal untransformed 
roots of O. basilicum and RA production in hairy roots is age dependent.  
x RA levels in transformed hairy roots derived from low and high producing 
cultivars are similar at their optimal RA production age. 
x Mycorrhizal ontogeneis in the developed co-cultures is similar to natural 
arbuscular mycorrhiza and their symbiosis development in vitro is AMF 
genotype- and host-dependent. 
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x Arbuscules are tree shaped, transient structures formed during mycorrhizal 
endosymbioses and all mycorrhizal structures show equal autoflourescence in 
in vitro colonized roots.  
x Mycorrhiza significantly improves production of rosmarinic acid and shows 
its ability as a biotic elicitor in in vitro system. 
x Mycorrhization improves RA production by increasing PAL activity which 
suggests their role in influencing expression of enzymes involved in plant 
defense mechanism. 
x 10 % methanol, DMSO and low molar ionic solution as potential green 
extraction solvents for separation of mycorrhiza and rosmarinic acid using 
sonication assisted extraction. 
x Acidic potassium permanganate based chemiluminescence is a novel method 
for determination of antioxidant potential in different samples of O. 
basilicum. 
x Transformation and mycorrhized hairy root co-culture are effective 
biotechnological techniques to improve secondary metabolites production in 
O. basilicum. 
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Future perspectives 
The results highlighted in this thesis show many areas of potential future research 
and include the following: 
x Morphological variation between hairy root lines derived from B3 should be 
examined at the molecular level.  
x Co-cultures developed with Rhizophagus irregularis isolate 2 and 
Rhizophagus proliferus can be explored in future for their influence on 
rosmarinic acid levels. More AMF should be also screened for identification 
of other AMF for elicitation studies. 
x Correlation between mycorrhizal colonization percentage and RA production 
in mycorrhized hairy roots at all ages needs to be examined. 
x Correlations between autofluorescence and metabolic state of arbuscule 
would be worth examining. 
x Mechanisms underlying the increase of rosmarinic acid in hairy roots when  
mycorrhized in vitro need to be identified: 
o Phytohormones such as cytokinin, gibberellin, jasmonic acid can be 
studied  in future for their influence on rosmarinic acid production in 
hairy roots when mycorrhizal; 
o Influence of mycorrhization on enzyme activity and their gene 
expression level by transcriptomics approach can be also studied; 
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o Further, influence of mycorrhization on signaling cascade molecules 
such as hydrogen peroxide, salicylic acid and nitric oxide should be 
also examined. 
x It would also be worthwhile performing mass spectral analysis of 
untransformed, transformed and mycorrhized hairy root extracts to identify 
similarities or differences in their biochemical profiles and to identify novel 
compound(s) that may be produced during mycorrhization. 
x The developed mycorrhized hairy co-cultures can be used to understand 
mycorrhizal interactions with plant cells at the ultrastructural level by 
transmission electron microscopy.  
x Improvement in the yield of rosmarinic acid with mycorrhizal and root 
viability maintained is one of the challenges proposed through this project. It 
can perhaps be achieved in future by the following: 
o by pretreatment of mycorrhized hairy roots with chemical 
destabilizers, surfactants, pH change or enzymes; 
o by improvement of extraction efficiency of water (example: 
nanobubble water); 
o screening of low molar ionic liquids and higher percentages of 
dimethylsulfoxide; 
o use of nanofiltration and resin adsorption to improve downstream 
efficiency. 
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x A major challenge for this research is its industrial applicability and thus the 
next stage of this project could be a bioreactor development for large scale 
growth of mycorrhized hairy roots and extraction of targeted metabolites. 
x Although the chemiluminescence assay was successful in deciphering 
antioxidant potential of different extracts in this study, I propose further 
analysis of these extracts on cell lines to correlate antioxidant potential with 
their bioactivity. 
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